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CONSTITUTION OF INDIA 

| PREAMBLE 

| WE, THE PEOPLE OF INDIA, having solemnly resolved to constitute India into a SOVEREIGN SOCIALIST 

| SECULAR DEMOCRATIC REPUBLIC AND TO SECURE TO ALL CITIZENS : 

JUSTICE, social, economic and political; 

| LIBERTY of thought, expression, belief, faith and worship; 

EQUALITY of status and of opportunity : and to promote among them all 

FRATERNITY assuring the dignity of the individual and the unity and integrity of the Nation : 

IN OUR CONSTITUENT ASSEMBLY THIS TWENTY-SIXTH day of November, 1949, do HEREBY ADOPT, 

ENACT AND GIVE TO OURSELVES THIS CONSTITUTION. 

FUNDAMENTAL RIGHT: DER THE CON/STITUTION OF INDIA 

RIGHT TO EQUALITY 

e The state shall not deny to any person equality before the low or equal protection of the law. 

ILI d mg shall not discriminate against any citizen on the ground only of religion, race, caste, sex, place | 
or birt 

| e There shall be equality of opportunity for all citizens in matters relating to employment or appointment 
to any office under the state. 

| e Untouchability in practice in any form is forbidden and punishable. 


RIGHT TO FREEDOM 


| To freedom of speech and expression. 

€ To assemble peaceably and without arms. 

e To form associations or unions. 

e To move freely throughout the territory of India. 

€ To reside and settled in any part of the territory of India. 

e To practice and profess, or to carry on any occupation, trade and business. 

e To provide for Right to Life and Personal Liberty, except according to procedure established by law. 

e State shall provide free and compulsary education to all children of the age of 6—14 years in a manner 
to be determined by the state. | 

RIGHT AGAINST EXPLOITATION ; 

e Prohibition of traffic in human beings and forced labour. 

e No child below the age of fourteen years shall be employed to work in any factory or mine or engage in 
any other hazardous employment. 

RIGHT TO FREEDOM OF RELIGION 

e Every person in India shall have the freedom of conscience and shall have the right to Profess, practise 
and propagate religion, subject to public order. 

e No person shall the compelled to pay any taxes, of any particular religion. 

e No religious instruction shall be provided in any educational institution wholly maintained out of state 


fund. 


| 
| 
| 
| 


CULTURAL AND EDUCATIONAL RIGHT 
€ Any section of the citizen residing in the territory of India or any part thereof having a distinct language, 
script or culture of its own shall have the right to conserve the same. | 
e No citizen shall be denied admission into any educational institution maintained by the state or receiving | 
aid out of state fund on the ground only of religion, race, caste, language or any of them. 
e All minorities, whether based on religion or language, shall have the right to establish and administer | 
educational institution of their choice. 


RIGHT TO CONSTITUTIONAL REMEDIES 


e The Constitution guarantees the right to move the Supreme Court for the enforcement of the fundamental | 
rights through certain constitutional writs. such as : Habeas Corpus, Mandamus, Certiorari, Prohibition 
and Quo-Warranto. | 


Fundamental Duties of Indian Citizen 
ARTICLE 51 A 
Fundamental Duties — It shall be the duty of every citizen of India- 
(a) to abide by the Constitution and respect its ideals and institutions, the National Flag and the National | 
Anthem ; 
to cherish and follow the noble ideals which inspired our national struggle for freedom : 
to uphold and protect the sovereignty, unity and integrity of India ; 
to defend the country and render national service when called upon to do so ; 


to promote harmony and the spirit of common brotherhood amongst all the people of India | 
transcending religious, linguistic and regional or sectional diversities; to renounce practices derogatory 
to the dignity of women ; 


(f) to value and preserve the rich heritage of our composite culture ; 


(g) to protect and improve the natural environment including forests, lakes, rivers, wild life and to have 
compassion for living creatures ; 


(h) to develop the scientific temper, humanism and the spirit of inquiry and reform; 
(i) to safeguard public property and to abjure violence; | 
(j) to strive towards excellence in all spheres of individual and collective activity so that the nation | 


(b 
(c 
(d 
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(k) Who is a parent or guardian to provide opportunities for education to his child on, and the case may | 
be, ward between the age of six and fourteen years. | 


constantly rises to higher levels of endeavour and achievement. pF 
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© PREFACE TO THE FIRST EDITION © 


The book entitled *A Text Book of Physics' (Vol-I) is published. Total Syllabus of Physics as prescribed 
by different Higher Secondary Councils and Joint Entrance Examination Boards is divided into two parts. 
The first volume of the book includes : (i) Mechanics, (ii) General Properties of Matter, (iii) Heat and 
Thermodynamics and (iv) Waves and Vibration. The second volume includes : (i) Geometrical Optics, 
(ii) Wave Optics, (iii) Electrostatics, (iv) Magnetism and Current Electricity, (v) Modern Physics and 
Electronics. : 

This book is intended to:cover all the ‘plus two level’ courses of our country including the syllabus 
given by West Bengal Board of Joint Entrance Examination. Of course, I did not plan the book, according 
any particular syllabus in view. My aim, on the other hand, is to provide a thorough coverage of all the 
different syllabi prescribed by different academic boards and councils throughout the country. I have 
tried to give a complete treatment of the relevant topics with a sufficient number of numerical problems 
to illustrate the applicability of different laws in Physics. 

"Plus two level" course is a transition from the general education for all students to specialized courses 
in different disciplines. This course helps the students to prepare themselves who want to pursue higher 
studies in Science and Technology. 

This book is also intended to help the students preparing for various competitive Medical and 
Engineering Entrance Examinations. 

The book has been written in a very simple and lucid way. Every effort has been made to present the 
subject matter in a simple and comprehensive way. The difficult topics are explained with thc help of 
neat and clear diagrams. It is earnestly hoped that the book will be found useful by the students of *plus 
two level’ science students and also by the candidates who wants to take up professional courses as their 
future career. 

I express my sincere gratitude to my publisher Sri Chanchal Bhowal of Calcutta Book House (P) Lid 
for his faith on me. I also express my thanks to the employees of this organisation for helping me for the 
publication of the book. 

Any suggestion for the improvement of the book will be warmly received and highly appreciated. 


Dated : 15th April, 2005 Author 
Physics Department 

Ramakrishna Mission Residential College 

Narendrapur. 


NEW SYLLABUS FOR PHYSICS 
Paper—I 
Full Marks—80 


* Mechanics and Properties of Matter (40 Marks) (42 Periods) 


1. Physical world and measurement 

Physics. Technology. Industry and Society. Units of measurement, systems of units, SI units, fundamental and 
derived units. Dimensions, checking of correctness of equation from the concept of dimensions. Periods—4 
2. Particle Dynamics 

Rest and Motion : Reference frame; displacement, velocity and acceleration : Momentum; kinematical equations 
(In one dimension); Velocity-time, position-time graphs, elementary problems. 

Scalars and vectors, vectors in three dimensions, composition and resolution of vectors, rectangular components 
in 2 and 3 dimensions, unit vector, representation of vector by coordinates, addition and subtraction of vectors by 
geometrical and analytical methods, commutative and associative properties of vector addition, multiplication of vectors, 
scalar and vector products (two vectors only), relative velocity and acceleration. 

Projectile motion (inclined plane to be excluded). 

Newton's laws of motion; inertial force; units of force; impulse and impulsive forces; 

Conservation of linear momentum, elastic collision of particles moving in the same line, jets and rockets; Friction : 


static and kinetic friction, coeff. of friction Periods—10 
3. Statics 

Centre of mass, centre of gravity, momentum conservation and centre of mass motion; conditions of equilibrium 
of a system of forces. Moment of a force about a point and about an axis; couple, torque. Periods—3 


4. Dynamics of rotational motion 

Rotational motion of a particle; angular velocity, angular acceleration, relation between angular velocity and 
linear velocity. 

Angular momentum, rclation between angular acceleration and torque (statement only), Moment of inertia and its 
physical significance (Formulae of moment of inertia to be assumed for uniform bodies with simple geometrical shapes), 
radius of gyration (definition only). Rotational kinetic energy, conservation of angular momentum with some examples. 

Centripetal force, centrifugal force (as a pseudo force). Periods—5 
5. Work, Energy and Power 

Definition of work as a scalar product. relevant units. work done by and against a force, mechanical energy : 
kinetic and potential. Conservation of energy—the case of a freely falling body. Conservative forces; conservation of 
mechanical energy (kinetic and potential energies), Potential, Non-conservative forces. 

Mass-energy equivalence (qualitative idea only). 

Power : definition, units. Periods—3 
6.  Gravitation 4 

Newton's Law of Universal Gravitation (statement and mathematical relation). Constant of gravitation (definition 
and value with units, no experimental determination). Examples of gravitational attraction between heavenly bodies 
(e.g. the Sun and the Earth, the earth and the Moon). Gravitational attraction of the earth, relation between G and g. 
Variation of g. Gravitational potential energy near the surface of the earth. gravitational potential. escape velocity. 
Motion of planets and satellites, statement of Kepler's laws of planetary motion. Geostationary and polar satellites. 
Weightlessness in orbiting satellites. Periods—4 
7. Elastic properties of matter 

Definitions, statements and explanation of the terrns : stress, strain, elastic limit, Hooke's law, moduli of elasticity: 
Young's modulus, Bulk modulus, rigidity modulus, Poisson's ratio, principle of measurement of Y (no experimental 
details). Periods—3 


| viii } 
8.  Hydrostatics & Fluid Mechanics x 
Density and specific gravity (methods of determination not required). Condition of Floatation from Archimedes’ 
principle. Pressure of fluids, pressure in a liquid, unit of pressure. Transmission of fluid pressure. Pascal’s law, principle 
of multiplication of force, Hydraulic Press (principle only and problem, no descriptive details) Air pressure and its 
measurement, Torricelli's and Fortin's barometer, siphon. 
Surface energy and surface tension, Capilarity, Laminar and Turbulent flow, Coefficient of viscosity, Bernouli's 


Principle (no derivation) and its simple applications, Stokes' law and terminal velocity. Periods—9 
@ Heat and Thermodynamics (22 Marks) (22 Periods) 
9. Temperature 

Thermal equilibrium and temperature (Zeroth law of Thermodynamics) Period—1 


10. Thermal expansion 


Thermal expansion of solids and liquids; simple demonstrations; coefficients of linear, superficial and cubical 
expansion of solids, their relations. Application of expansion of solids, (compensated pendulum and bimetallic strip 
only) real and apparent expansions of liquids, Relation between expansion coefficients, anomalous expansion of water, 
effect on marine life, Expansion of gas — volume and pressure co-efficient. Periods—4 


11. Calorimetry and change of state 3 

Preliminary definitions; Principle of calorimetry (no questions on measurements to be set). Latent heat, brief 
discussion of determination, calorimetric problems. Effect of pressure on melting point and boiling point; Vapour 
pressure, Relative humidity. Difference between gas and vapour — critical temperature. Periods—3 
12. Thermodynamics 


Heat as a form of energy; relation between calorie and erg, First Law of Thermodynamics, Intensive and extensive 
thermodynamic variables. Isothermal and adiabatic expansion of gases (brief discussion), reversible and irreversible 
processes. Specific heats of gases relation between C, and C,. Periods—5 


13. Kinetic theory of gases 


Evidence of molecular structure of matter and of random molecular motion. Brownian movement (qualitative 
discussion). Basic assumptions of kinetic theory of ideal gases. Mean, rms and most probable speed. Pressure of an ideal 
gas (simple derivation). Charles' law, Boyle's law, Avogadro's law and pressure law from kinetic theory of gases. 
Kinetic energy of molecules and absolute temperature; definition of mean free path. Periods—5 


14. Transmission of heat 

Conduction of heat, thermal conductivity, thermometric conductivity, convection of heat, radiation, radiation as a 
form of energy. Black body, Kirchhoff's law (statement only), Newton's Law of cooling, Greenhouse effect and global 
warming. Periods—4 


@ Vibrations and Waves (18 Marks) (18 Periods) 


15. Vibrations 


Periodic motion : Oscillation and its characteristic, periodic time, frequency, amplitude, Simple Harmonic Motion. 
Relation between SHM and uniform circular motion. Differential equation of SHM and its solution. Displacement, 
velocity and acceleration in SHM. Energy in SHM; Time period, frequency, amplitude and phase. Graphical representation 
of SHM. Simple pendulum, time period of simple pendulum, Superposition of two SHMs of same frequency in the 
same direction (a) in phase and (b) in opposite phase. Graphical and analytical treatment. Free vibration, Damped 
vibration (qualitative discussion with example), Forced vibration; resonance. Periods—6 
16. Waves 


Elastic waves — longitudinal and transverse; characteristics of propagating waves, nature of the medium, wave- 
length, amplitude of wave, time period, frequency, velocity of wave and their relation. Properties of waves : Laws of 
reflection and refraction of waves with reference to sound wave. Periods—3 

Sound wave : longitudinal elastic wave, velocity of sound wave, statement and explanation of Newton's formula 
and Laplace's correction. Dependence of velocity on temperature, pressure and humidity of air. Periods—2 


[ix] 


d Superposition of waves — graphical and analytical representation : (1) two S.H. waves of nearly equal frequency 
and amplitude and moving in the same direction (beat) : determination of unknown frequency from beating frequency. 
(ii) Two S.H. waves of equal amplitude and frequency travelling in opposite directions (standing or stationary waves); 
characteristics of standing waves and comparison with progressive wave. j 
Transverse standing waves on stretched wire; laws of transverse vibration of strings, fundamental harmonics. 
Periods—4 
Longitudinal standing waves in air column. (i) Vibration of air column in a tube closed at one end. Determination 
of velocity of sound or the frequency of a tuning fork by resonance with vibration of air column in a tube closed at one 
end. (ii) Vibration of an air column in a tube open at both ends. 
| Doppler Effect in sound propagation (derivation not required). Periods—3 
Total Number of Periods : 82 


JOINT ENTRANCE EXAMINATION SYLLABUS FOR PHYSICS 


[ CONDUCTED BY WEST BENGAL BOARD OF EXAMINATION FOR ADMISSION TO 
ENGINEERING MEDICAL AND TECHNOLOGICAL DEGREE COLLEGES | 


[ Full Marks—100 ] 
Each module carries 10 marks 


MODULE 1 


A. Scalars & Vectors : Scalar and vector quantities—definitions with examples. Representation of scalars and 
vectors, Difference between scalars and vectors. Types of vectors—equal, opposite. null, collinear. Triangle, 
parallelogram and polygon rules of vector addition. Analytical determination of magnitude and direction of 
resultant of two concurrent vectors. Rectangular resolution of vectors. Representation of a vector in terms of 

| cartesian components and unit vectors ij and Pa Addition and subtraction of vectors in terms of components. 
| | Excluding problems on dot or cross products of vectors. | 


| B. Rest and Motion : Idea of reference frame ; concept of displacement, speed, velocity, acceleration and retardation 
| (average and instantaneous ) : momentum ; kinematical equations of uniformly accelerated motion in one 
| dimension ; problems on uniform and non-uniform accelerations ; velocity-time graphs for different types of 
| motion ; idea of displacement as area under velocity-time graph : relative velocity and acceleration—definition 
and determination by vector methods. 


C. Newton's laws of motion : Statement of the laws with explanation and illustrations ; concepts of inertia and 
inertial mass ; absolute and gravitational units of force ; inertial and non-inertial frames of reference, pseudo 
force ; man in a moving lift ; impulse and impulsive forces, idea of impulse as time integral of force ; conservation 
of linear momentum—statement and proof from Newton's laws of motion for a two-body system ; rocket and jet 
motion ( qualitative idea, no analytical treatment ) ; collision problems—only elastic collisions of particles moving 
in the same straight line. 


D. Friction : Static and kinctic friction ; sliding and rolling friction ; definition of coefficients of static and kinetic 
friction ; angle of friction ; laws of static friction ; pushing and pulling of rollers ; angle of repose : motion of a 
body along a smooth or rough inclined plane ( rolling motion excluded ) ; advantages and disadvantages of 
friction. 


E. Statics : Moment of a force and couple ; conditions of equilibrium of a system of coplanar forces ( Lami's 
theorem excluded ) ; centre of mass and centre of gravity—definitions ; determination of C. M. or C. G. of a 
number of coplanar particles ; knowledge of C. M. of uniform rods, circular discs, rectangular laminae, annular 
ring and sphere ( deduction not required ) ; stable, unstable and neutral equilibrium. 


[Ix] 


Dynamics of rotational motion : Concept of angular displacement, velocity and acceleration, relation between 
linear and angular velocity. linear and angular acceleration, uniform circular motion—centripetal acceleration 
and centripetal force : centrifugal force. concept of centrifugal force as a pseudo force ; inclination of a cyclist 
with the vertical, banking of roads. 

Angular momentum. torque, moment of inertia and radius of gyration ( definitions only ) ; knowledge of moment 
of inertia of some simple symmetrical bodies about normal axes passing through the centre ( uniform rod, circular 
disc, annular ring. rectangular lamina, sphere ; no deduction required. no discussion or application of parallel 
and perpendicular axis theorem ) ; relation of torque with angular acceleration and angular momentum ( statement 
only ) ; principle of conservation of angular momentum ( statement and examples ) ; comparison between linear 
and rotational motion. 


MODULE 2 


Work, Energy and Power : Definition of work : work done by and against a force with examples ; no-work 
force with examples ; work done by a variable force ; work done by a couple ; CGS and SI units of work : 
definition of mechanical energy, kinetic energy, potential energy : gain in kinetic energy as work done by a 
force; relation between kinetic energy and momentum ; conservative and dissipative forces—definitions and 
examples ; conservation of mechanical energy ( for freely falling bodies only ) : definition of power and its CGS 
and SI units. 


Gravitation : Newton's laws of universal gravitation ( statement and mathematical relation ) : universal 
gravitational constant ( definition, value, CGS and SI units ) ; examples of gravitational attraction between 
heavenly bodies ( e.g. the sun and the earth, the earth and the moon ) ; gravitational attraction of earth, definition 
of g. relation between g and G ; mean density of the earth ; variation of g with altitude and depth from the 
surface of the earth ; variation of g with latitude due to daily rotation of the earth ; rectilinear motion under 
gravity ( projectile motion excluded ) ; motion of artificial satellites—calculation of orbital velocity and time 
period of revolution assuming circular orbital ; geostationary satellite and parking orbits ; weightlessness in 
orbiting satellites ; mention of nature of orbits of planets ( excluding discussion on Kepler's laws escape 
velocity ( statement only, no deduction required ) [ no discussion of gravitational intensity, potential or mutual 
potential energy of two particles |. 

Elastic properties of matter ; Definition of stress and strain with explanation ; statement of Hooke's law with 
explanation ; definition of Y, k, ņ and 6 and relation between them ( statement only, derivation not required ) : 
definition of force constant of a spring : elastic potential energy of a stretched wire and spring. 


Hydrostatics : Density and specific gravity ( excluding methods of determination ) Buoyancy. Archimedes’ 
Principle and its applications. Conditions of floatation and immersion. Conditions of equilibrium floatation ( law 
of floatation ) : stable. unstable and neutral equilibrium of floating bodies—metacentre. Pressure and thrust of 
fluids. Pressure at a depth in a liquid ; Pascal’s law. Principle of multiplication of thrust ; conservation of energy 
in multiplication of thrust ; principle of hydraulic press ( excluding descriptive details ). 


Normal atmospheric pressure. Toricelli's and Fortin's barometers. Siphon ( principle only, excluding solution of 
problems on liquid flow in siphons that requires knowledge of Bernoulli's theorem ). Principle of lift pump. 
compression pump and vacuum pump ( statement of formulae for degree of compression or exhaustion only : 
excluding deduction of formulae ). 


MODULE 3 


Thermal expansion of Solids & Liquids : Simple demonstrations. Definitions of ot. B, y and their relation. 
Bimetallic strip. Correction of readings of metal scales. Problems of slow and fast pendulum clocks ; compensated! 
pendulum. Thermai stress. 


Coefficients of real and apparent expansions of liquids and their relation with coefficient of cubical expansion of 
the material of the container. Change of density with temperature. Principle of weight thermometer method for 
determination of y. Dulong and Petit's experiment for determination of Y,- Change of apparent weight of a solid 
immersed in a liquid wiih change of temperature, Correction of reading of a mercury barometer due to expansion 
of mercury and the tube. Anomalous expansion of water — Hope’s experiment ; effect on marine life. 


[ xi] 


Expansion of gases : Charles’ law and Boyle's laws—statement and explanation ( excluding experimental 
verification ). Volume and pressure coefficients of an ideal gas and their equality : concept of absolute zero of 
temperature from Charles’ law ; definition of Kelvin scale of temperature ( no discussion on thermodynamic 
considerations ). Equation of state of an ideal gas and universal gas constant—its value in different systems 
of units. 


Calorimetry : Definitions, Principle of calorimetry, merits and demerits of water as calorimetric liquid, problems 
on calorimetry. d 
Change of state and hygrometry : Definition of latent heat ; melting point and boiling point ; effect of 
pressure on melting point—phenomenon of regelation. Effect of pressure on boiling point ; principle of pressure 
cooker. Factors affecting evaporation ; difference between evaporation and boiling ; laws of boiling. 

Properties of vapour— saturated and unsaturated vapour ; difference between gas and vapour. Variation of pressure 
of saturated and unsaturated vapour with temperature. Condition of boiling ( s. v. p. = superincumbent pressure 
) ; dew point ; relative humidity and its importance ; fog and cloud. 


3 MODULE 4 


Mechanical equivalent of heat : Heat as a form of energy. Definition of mechanical equivalent of heat—relation 
between joule and calorie, erg and calorie. Concept of internal energy as a sum of mechanical energies of the 
molecules. Idea of work done by a gas ( dw = pdv ) ( isothermal and adiabatic work excluded ). Fast law of 
thermodynamics and its general form ( dg = du + pdv ). Definition of two specific heats of gas and the relation 
C, = C, = R. Qualitative idea about isothermal and adiabatic process ( excluding problems using adiabatic 
equations viz. pV’ = K etc. ) 

Kinetic theory of gases : Evidence of molecular structure of matter and of random molecular motion ; Brownian 
motion ( qualitative discussion only ; excluding mathematical relations ). Basic assumptions of kinetic theory of 
ideal gases. Presssure of an ideal gas ( statement of the formula only ; derivation of formula not required ). Idea 
of r.m.s. velocity. concept of temperature from kinetic theory. Definition of Boltzmann's constant and mean K. 
E. of a molecule ( = 3/2 KT ) ; Charle's law, Boyle's law and Avogadro's hypothesis from kinetic theory. 
Transmission of heat : Conduction of heat ; definition of Thermal Conductivity and its CGS and SI units : 
thermal resistance and thermal resistivity ; problem of conduction through composite slab ( parallel branching 
excluded ) ; Idea of variable and steady state—concept of thermal diffusivity ( excluding mathematical deduction). 
Convection of heat and convection current—explanation and illustrations. Radiation—properties and nature of 
radiant heat ( qualitative ) [ Laws of radiation viz. Kirchhoff's Law, Stefan's Law. Wien's Law and Newton's 
Laws of cooling excluded ]. 

Vibrations : Periodic motion ( with examples ). Oscillations ( with examples ). Simple harmonic motion— 
definition and characteristics : amplitude, time period, frequency and phase. Relation between SHM and uniform 
circular motion : displacement, velocity and acceleration of SHM ; energy of SHM ; graphical and mathematical 
representation of SHM. Superposition of two SHM of same frequency in the same direction (a) in phase (b) in 
opposite phase—graphical treatment. Simple pendulum and its time period, illustrations of SHM ( vertical 
oscillation of light spring, oscillation of liquid in a U tube etc. ). Free vibration—( longitudinal and transverse ). 
damped vibration, forced vibration and resonance with examples ( excluding mathematical treatment ). 


MODULE 5 


Waves : Elastic waves—definition of wave-motion, longitudinal and transverse waves with illustration. 
Characteristics of progressive waves : nature of medium, wavelength, amplitude of wave, timé period. frequency, 
wave velocity and their relation ( v = nA ), wave front and ray. Equation of plane harmonic progressive wave in 
one dimension. Properties of waves : laws of reflections and refraction with reference to sound waves ; formation 
of echo ; determination of depth of sea or altitude of aeroplane with the help of echo. 


Sound waves : Sound wave as longitudinal elastic waves : velocity of sound wave—Newton's formula and 
Laplace's correction ; dependence of velocity of sound on pressure, density, temperature and humidity of a 
gaseous medium. 


[xi ] 


Superposition of waves : Formation of beats ; determination of unknown frequency from beating frequency ; 
formation of stationary waves, nodes and antinodes : characteristics of stationary waves. comparison with 
progressive waves. 

Transverse standing waves on stretched string ; laws of transverse vibration of stretched string ; fundamentals 
and harmonics. $ 

Longitudinal standing waves in air columns ; vibration of air column in a tube closed at one end, determination 
of velocity of sound by resonant air column method with end correction ; demonstration of formation of odd 
harmonics only. 

Vibration of air column in a tube open at both ends—formation of harmonics. 

Effect of temperature and humidity on the frequency of air column ( qualitative treatment only ). 

Musical sound and noise : Note and tone. Characteristics of musical sound—loudness and intensity, pitch and 
frequency, quality or timbre ( qualitative treatment only ). 

Light waves : Finite velocity of light waves ; difference from sound waves. Definition and qualitative treatment 
of wave phenomena associated with light—interference, diffraction and polarisation ( excluding mathematical 
treatment ). Transverse nature of light wave as evidenced by polarisation. 

Reflection of light at a plane surface : Laws of reflection, definition of real and virtual images ; multiple 
images in parallel and inclined plane mirrors ; angular deviation of reflected ray due.to rotation of mirrors : 
deviation of ray due to successive reflections at mirrors inclined to each other ; relative velocity of image with 
respect to object due to relative motion between object and mirror ; minimum length of a mirror for observation 
of full image. 

Reflection of light at a curved surface : Concave and convex spherical mirrors : definition of centre of 
curvature, pole, principal axis. aperture, principal focus, secondary focus, focal length. conjugate foci. Relation 
r= 2f and Vv + Vu = If; linear magnification ; ray diagram for formation of images for objects placed at 
different positions. Uses of spherical mirrors ( excluding spherical aberration ). 


MODULE 6 


Refraction of light : Laws of refraction ; definition of refractive index (absolute and relative ) : relation 
between refractive index and velocity of light ( statement only ): Generalised Snell's Law ; lateral displacement 
of a ray in a plane parallel slab : real depth and apparent depth when denser medium is viewed from rarer 
medium and vice versa. Total internal reflection and critical angle. Relation between critical angle and refractive 
index. Illustrations of total internal reflection—formation of mirages in desert and polar regions, surface of water 
as viewed by a fish from a depth etc. 


Prism : Refracting surface, refracting angle, principal section, path of a monochromatic light ray through a 
prism and its deviation ; idea of minimum deviation ( graphical treatment only, analytical deduction of condition 


sin( A23) 


of minimum deviation not required ). Deduction of u fuga minimum value of d, Total reflection 
sin 


prisms and their applications : condition for no emergence for a given angle of incidence: limiting angle of a 
prism for no emergence. 


Thin Lenses : Definitions of optical centre, principal axis, principal foci ; conjugate foci ; ray diagram showing 
formation of images for objects at different positions deduction of 1/v — 1/u= V/f ; [ excluding problems using 
the formula for refraction at a single curved surface ]. Mention only of the formula 1/f (m — 1) (1/rj = 1/r3) 
without deduction and problems on it. Power of a lens (definition only ; excluding problem involving equivalent 
focal length or power of combination of lenses ). Problems on final image formation by a system of lenses or 
lens-mirror. 

Problems involving formation of real images by a convex jens—minimum distance between object and screen. 
size of images for two positions of the lens etc. 

Dispersion : Meaning of the term : experimental set-up formation of pure spectrum : types of spectrum — 
emission and absorption — line and continuous. Fraunhofer lines (qualitative treatment only ; problems on 
dispersive power or condition of achromatism excluded ). 


A. 


B. 


[ xiii ] 


Atmospheric refraction : qualitative treatment regarding rising and setting sun and twinkling of stars. Scattering 
of light in atmosphere ; blue colour of sky, red colour of rising and setting sun (qualitative treatment only). 
Photometry : Definition of luminous flux, luminous intensity, intensity of illumination, brightness and related 
units. Inverse square law and Lambert’s cosine law (statement only). Principle of photometry (excluding problems 
that need specific knowledge of solid angles). 


MODULE 7 


Optical Instruments : Camera and f-number. Simple and Compound microscope (angular magnification and 
ray diagram). Astronomical telescope (ray diagram for normal and distinct vision, statement of formulae for 
magnification, excluding derivation) ; binoculars (qualitative treatment. excluding ray diagram and formulae), 
Human eye: Accommodation and adaptation—defects of vision ; myopia, hypermetropia, presbiopia and their 
remedy—elementary discussion. Sums on power of lenses. 

Magnet and its properties : Definition ; pole, magnetic axis, magnetic length, neutral line, consequent poles, 
magnetic meridian. Repulsion is a surer test for polarity. Magnetic induction—nature of polarity in induced 
magnet ; induction precedes attraction. Factors responsible for destruction or weakening of magnetism—principle 
of magnetic keepers. * 
Magnetic field : Idea of pole strength ; Coulomb's law ; definition of unit pole in CGS system. Permeability. 
Magnetic field, intensity of magnetic field at a point, magnetic lines of force and their properties. Torque 
experienced by a freely suspended magnet in a magnetic field ; magnetic moment. Intensity due to a bar magnet 
at end-on and broad-side-on positions. 

Molecular theory of magnetism : Idea of molecules of a magnetic substance as individual magnet ; explanation 
of magnetisation and magnetic saturation from molecular theory ; magnetic permeability and susceptibility + 
intensity of magnetisation. Relation between |t and K (mention only, no deduction). Properties of dia, para and 
ferromagnetic substances (qualitative). Retentivity and coercivity (excluding hysterisis). Curie point. Principle of 
magnetic screening. 

Terrestrial magnetism : Definition of dip, declination and horizontal component of earth's magnetic field ; 
magnetic storm. Apparent angle of dip in a vertical plane other than magnetic meridian. 
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Elementary phenomena of electrostatics : Electricity from friction—qualitative explanation from electron 
theory ; two types of electricity ; repulsion as the surer test of electrification ; applications of gold-leaf electroscope ; 
electrostatic induction— explanation on the basis of electron theory ; free and bound charges ; induction precedes 
attraction ; charging of an electroscope by induction ; charge resides on outer surface of a conductor—Faraday’s 
butterfly net experiment, Biot's experiment ; effect of curvature on surface density of charge ; action of points— 
discharging action of points. spraying action of points, collecting action of points ; lightning conductor. 
Electrostatic field and potential : Coulomb’s law of force between two point charges : definition of e. s. u. of 
charge ; SI unit of charge : dielectric constant ; intensity of electric field ; field due to a point charge ; Coulomb's 
theorem regarding intensity of electric field in the vicinity of charged conductor ( statement only ) ; electric lines 
of force ; properties of lines of force ; potential at a point—definition and units ( CGS and SI ) ; potential due 
to a point charge ; potential difference between two points ; relation between intensity and potential ; potential of 
the earth ; equipotential surfaces and their properties ; potential of a charged conductor ; potential inside a 
hollow conductor ; electric screening. 

Capacitance and capacitors : Definition of capacitance ; factors affecting capacitance of a conductor ; capacitance 
of a spherical conductor : CGS and SI units of capacitance ; parallel plate capacitor and its capacitance ; spherical 
capacitor and its capacitance ( cylindrical capacitors excluded ) ; combination of capacitors in series and parallel; 
energy of à charged conductor or capacitor ; loss of energy due to sharing of charge ; Van de Graaf generator. 
Simple Voltaic Cells : Description, explanation of development of emf in a simple volatic cell, action of the 
cell: defects of a cell ; Daniell cell, Leclanche cell and dry cell. Secondary cell, Lead-acid accumulators— 
charging and discharging. e.m.f. in fully charged condition ; ampere-hours. 
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Ohm's Law : Ohm’s law ; volt, ampere and ohm ; resistance and resistivity ; factors on which resistance of a 
conductor depends ; temperature coefficient of resistance ; series and parallel combination of resistance ; shunt : 
internal resistance of a cell and lost volt ; distinction between emf and terminal p. d. ; combination of cells ; 
condition for maximum current in mixed combination. Wheatstone Bridge and its balanced condition ( Kirchhoffs 
laws excluded ) ; P. O. Box and meter bridge. 


MODULE 9 


Heating effect of electric current : Joule's law and its derivation from energy principle ; electrical power, unit 
of power and energy. B.O.T. unit ; thermoelectricity—Seebeck and Peltier effect ( Thomson effect excluded ). 
Idea of thermo e. m. f. ( qualitative ) ; thermocouple, graphical representation of variation of thermo e. m. f. with 
temp. of hot junction—neutral temperature and temperature of inversion : explanation of Seebeck and Peltier 
effect on the basis of electron theory ( qualitative ). 

Chemical effect of current : Electrolysis : Faraday's laws of electrolysis. chemical and electrochemical 
equivalents ; measurement of current by electrolysis. Practical application—electroplating. 

Electromagnetism : Magnetic effect of current : (a) Action of current on magnet—rules for finding direction of 
magnetic lines of force due to a current through a straight conductor—Ampere's swimming rule, right-hand 
thumb rule, Maxwell’s cork-screw rule, Magnetic lines of force due to current through (a) straight conductor, 
(b) circular loop of wire and (c) solenoid ; circular coil as a magnetic dipole ; Laplace's ( Biot-Savart’s ) Law ; 
definition of e.m.u. of current ; magnetic field at the centre of a circular coil ( field on the axis excluded ). 
Tangent galvanometer—principle of action, galvanometer constant, reduction factor. 

Action of magnet on current—Fleming's left-hand rule ; force on a moving charge in a magnetic field, force on 
a current carrying straight wire in a magnetic field : torque on a rectangular coil ; suspended coil gal vanometer : 
ammeter and voltmeter. 

Action of current on current—Parallel currents ( like and unlike ) ; force between two infinitely long parallel 
current carrying wires ( statement only—no deduction ) ; definition of ampere. 

Electromagnetic induction—magnetic flux, flux density and their CGS and SI units ; Faraday's laws of 
electromagnetic induction ; induced e.m.f. ; induced current ; Lenz's law and its justification from principle of 
conservation of energy. Determination of direction of induced current by Lenz's law ; emf induced in a conductor 
moving in a magnetic field ( motional emf ) ; Fleming's right-hand rule ( self inductance and mutual inductance 
excluded ). 


Alternating Current—e.m.f. induced in a rectangular coil rotating in a uniform magnetic field ; peak value, r.m.s 
value and phase in relation to alternating current ( definition only ). Principles of dynamo and D. C. motor 
( qualitative treatment only ). 


MODULE 10 


Conduction of electricity through gases : Phenomena observed in a discharge tube ; cathode rays, their nature 
and properties : charge, mass and energy of electrons : production of X-rays, their nature and properties, 
applications ( excluding discussion on X-ray spectrum ). 


Thermionic emission : Work function ; diode—construction, static characteristics, qualitative discussion of 
space charge limited and temperature limited current ( excluding deduction of Child’ Langmuir's Law and 
Richardson's equation ) : circuit of half wave and full wave rectifiers using vacuum diodes ( excluding discussion 
on filters ). 

Triode—construction, action of grid ; plate and mutual characteristic curves ; definition of Tp Bin and H ; 
principle of amplification ( elementary circuit diagram and graphical explanation only ). 

Photoelectricity : Experimental demonstration ; characteristics ; failure of electromagnetic wave theory to 
explain the characteristics ( qualitative discussion only, no mathematical treatment ) ; particle nature of radiation— 
elementary quantum theory. Planck's hypothesis ; Einstein's photoelectric equation and explanation of 
characteristics of photoelectric effect ; elementary discussion on photoelectric cells and their uses. 

Bohr's Atomic Model : Rutherford's atomic model—its defects ( qualitative treatment only ) ; Bohr's postulates 


and explanation of line spectrum of hydrogen atoms ( excluding discussions on finite nuclear mass correction or 
spectrum of deuterium, helium etc. ). 
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Constituents of the nucleus, atomic number. mass number, isotopes ( excluding discussions on binding energy 
curves, stability of nuclei or nuclear models ). Einstein's mass-energy equivalence relation ( only statement and 
illustrations ). 

Semiconductors : ldea of intrinsic and extrinsic semiconductors, p and n type semiconductors, p-n junctions 
( qualitative discussion of depletion layer and potential barrier, no mathematical details about conductivity of 
semiconductors ) ; I. V. curve for p-n junction diodes ( no explanation, only the diagram ) ; use of p-n junction 
diode as rectifiers ( excluding discussion on transistors ). 

Radioactivity : Properties of c, B and y rays : radioactive decay law and its graphical representation ; half life 
and decay constant ( excluding mathematical analysis of successive disintegration ) ; examples of artificial 
transmutation of elements ; radio isotopes and their uses ; nuclear fission and fusion—chain reaction ( excluding 
mathematical analysis and details of nuclear reactors ). 
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PHYSICS : TECHNOLOGY, 
INDUSTRY AND SOCIETY 


TOPICS : Physics ; physics in relation to (i) Science, (ii) Technology and Industry, 
(iii) Society. 


1.1. What is Physics ? 

Physics is a branch of science which deals with the study of nature and natural phenomena. 

Man has been observing the natural phenomena from time immemorial. He has always been curious 
about nature and world around him. The motion of the moon and. other heavenly bodies in the sky has 
aroused an awe and amazement in him. Regular repetation of sunrise and sunset and the seasons of the 
year has fascinated him. Man has responded to this natural phenomenon in orderly manner. Earlier, 
which appeared as complexities of nature, man has discovered that they are, in fact some simple pattern 
of nature. The experiences gained over a period of time were transmitted from generation to generation 
and began to be known as ‘knowledge’. The systematized knowledge thus gained is termed ‘Science’. 

Standing on the shoulders of physical science, the medical and biological sciences has grown to a 
powerful level. In parallel with science, mathematics has also matured. The science-based technology has 
touched every facet of life. The scientists, the observers of nature, were able to establish laws of nature, 
through hard and patient work spread over long 100 years. 

In physics there is close relation between theory and experiment. 

1.1.1. Scientific Method : 


The scientific method used in the study of science involves observation, proposal of a theory, testing 
the consequences of the proposed theory and modification or refinement of the theory in the light of new 
facts. 

So, the scientific method involves four steps 

(i) Observation of the relevant facts. 

(ii) Proposal of the hypothesis or a theory based on these observations. 

(iii) Testing of the proposed theory to see if its prediction are actually observed in practice. 

(iv) Modification of the theory, if necessary. 

The first and the most important step in the study of natural phenomenon is observation and 
measurement to arrive at a truth. Observation can be subjective or objective. Physics does not deal with 
subjective observations. Physics is the science of objective observation which is the same for all the 
individuals. 

It is because of the precision and accuracy in the measurement of physical quantities that physics 
is called an exact science. Application of physics has played a very great role in technology, industry 
and on our daily lives. 

1.1.2. Scope of physics : 


The various disciplines of science may be divided in two broad classes— physical and biological. 
Physical science deals with non-living matters and biological science with living matters, About a hundred 
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years ago it.was possible for one man to master the knowledge of both sciences and many outstanding 
worker in physical sciences were competant doctors and biologists. There was no clear cut division 
between the general branches of physical science as we know them today. Infact, all were included in 
what is called natural philosophy. The tremendous upsurge of scientific activity and accumulation of 
knowledge in the last century has forced scientists to narrow down their field of activity. Various 
branches of physical sciences as we know them today are physics, chemistry, astronomy, biology, 
medicine, geology, engineering etc. 


1.2. Physics in relation to science : 


Physics is the basic of all sciences and it has played a very important role in the development of 
other sciences. 


(i) Physics in relation to mathematics : As we know, physics in a quantitative science. The theories 
in physics make use of various mathematical concept and it has proved most powerful tool in the 
development of theoretical physics. 


(ii) Physics in relation to chemistry : The study of structure of atom, radioactivity, X-ray diffraction, 
etc. has brought about a revolution in the present century chemistry. These studies have led to rearrangement 
of elements in periodic table, to detect even traces of substances in a sample, to know the nature of 
valencies and chemical bonding. It helps to understand complex chemical structures etc. 


(iii) Physics in relation to astronomy : The astronomical telescope designed by Galileo helped him 
to know about the heavenly bodies. The giant telescopes installed in observatories in different countries 
have enable us to study the planets of solar system. The use of radio-telescope led to the discovery of 
quasars, pulsars, etc. and it has helped the astromers to see upto the farthest limits of the universe. The 


sophisticated photographic technique developed in physics has proved to be of great help in the field of 
astronomy. 


(iv) Physics in relation in biological sciences : The life science has also been benefited by the 
advancement in physics. Microscopes is found to be of immense use in the study of biology. The 
discovery of electron microscope have made it possible to observe the structure of cell. The X-ray and 
neutron diffraction have helped to study the structure of nucleic’ acid, which controls the vital processes 
of life activity. X-ray are used in medical sciences for diagnostic purposes. Radioisotopes are used in 
radiotherapy for the treatment of cancer and other skin diseases, 

(v) Physics in relation to other sciences : The laws of physics can also be applied to living organism 


and it has led to the development of new science called biophysics. The mechanical, nuclear, gravimetric 
and acoutics method are widely used in science such as geology, meterology, oceanography and seismology. 


So we see that physics has made and is still making a tremendous contribution to social progress 
of mankind and advancement of technology. . 


1.3. Physies in relation to technology and industry : 


Technology is based on the application of science in general and physics in particular for practical 
purposes. Practical applications of physics and other branches of science have played a very important 
rolen the development of industry and improving the standard of living of man. The discovery of 
electromagnetic induction by Faraday is one of the greatest scientific discoveries which has not only 
benefited a common man but has found the basis of technology. The invention of steam engines electrical 
generators and motor constitutes the beginning of industrial revolution. The understanding of 


electromagnetic wave in the longer wavelength domain has found application in radio television and 
wireless communication. 


We can watch television programmes from distant countries ‘live’ via satellites called geostationary 
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satellites, These satellites also help in forecasting weather and in geophysical survey such as exploration 
of oil well. 


The electricity that we use in home and industry in generated at a powerplant by the conversion of 
some other forms of energy into electrical form. In thermal power plant, the heat energy of superheated 
Steam is converted into electrical energy. In hydroelectric power plant the gravitational potential energy + 
of water in converted into electrical energy. Nuclear energy released in a fision process is the source of 
energy in a nuclear reactor which produces electricity. These and other most of application of physics 
have contributed a great deal in the technical advancement of the society. Thus physics plays a significant 
role in technology and on our daily lives. 


1.4. Physics in relation to society : 


The mankind has benefited itself from the discoveries made in the field of physics by various 
scientists. The fate of society is intimately linked to physics. Whatever is thought or discovered in physics 
affect the society immediately. The physics based technology has touched every facet of our life. 
Advancement in the field of communication such as telephone, telegraphy, teleprinter, telex, e-mail, fax, 
mobile telephone, pager enable üs to quickly exchange messages between far off places across the world. ` 
Radio and television has made it possible to have instant communication with the world. The launching 
of satellites into the space has totally revolutionized the concept of communication. One can instantly see 
any happening in any part of the world. Microelectronics lasers, computer have brought about a profound 
change in the thinking and living style of human being. 


- What is science ? 

. What is physical science ? 

. Mention four steps of scientific methods. 

- Describe how physics has influenced the advancement of technology. 
. How physics has affected the growth of industry ? 

- How physics has changed the society ? 

- Describe how physics has changed our life style. 
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SYSTEM OF UNITS 
.OF PHYSICAL QUANTITIES 


TOPICS : Fundamental and derived units ; different system of units, definition of 
basic units. 


2.1. Introduction : 


Physics is an exact science and study of physics is based on the measurement of some quantities. 
We can not have a complete knowledge of a quantity unless it is correctly measured and expressed by 
à number and a unit is attached to it. So physics is a science of measurement and we must have a 
quantitative knowledge of a physical quantity. Let a stone is thrown horizontally. It comes to rest at a 
point ahead of us after travelling some distance. But the distance covered by the stone can be known only 
when one measures the initial speed of the stone, time required to cover the distance and the acceleration 
in the motion of the stone. Hence, to know and understand a physical situation completely, one is 
required to measure distance, speed, time etc. 


All quantities in terms of which different laws of physics can be expressed and which can be 
measured directly or indirectly are called physical quantities. 
2.2. Units for measurement : 


For the measurement of a physical quantity we require a chosen standard of the physical quantity. 
The conveniently chosen standard taken as reference to measure a physical quantity is called the 
unit of that quantity.* 


The magnitude of the physical quantity is obtained by comparing with the unit. So, the process of 
measurement of a physical quantity involves : 

(i) the selection of suitable unit and 

(ii) to find the number of times that unit is contained in the physical quantity. 

Thus, the statement that a table is 2 m long means that physical quantity being measured is length, 


the unit chosen is metre and the numerical measure is 2. Hence measure of a physical quantity — 
numerical value of the physical quantity x size of its unit. 


where u is the size of the unit and n is the numerical value of the physical quantity X. 
So, nu = constant. 


If n, is the numerical value of the physical quantity for a unit u, and n, for a unit u,, then 
Mth = nu, 


2.5. Fundamental and Derived Unit : 


Excepting few all physical quantities** have units. Each quantity requires a unit for its measurement. 
uc cmd) T MNT CE 
*The quantities which cannot be measured are not physical quantities. e.g. poverty, kindness, intelligence etc. 


**The physical quantities which are the ratio of two similar quantities havee no units. e.g. sp. gravity, atomic 
wt. magnetic susceptibility etc. 


— 
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But there are thousands of quantities in physics. Do they have thousand of units ? Fortunately it is found 
that although there are large number of quantities, we need not require separate unit for each. It is found 
that the units of all physical quantities can be derived from the units of three fundamental quantities — 
length, mass and time. The units of these quantities do not depend on one another. They are known as 
fundamental units. Units of other quantities which can be formed from one or more of the fundamental 
units are called derived units. e.g., units of volume, force, density etc. are all derived units. 


Example : Unit of length is metre. It is a fundamental unit. Unit of time is second. It is also a 
fundamental unit. But unit of velocity is m/s. It is a derived unit. In this way we can derive the units of 
different quantities. 


2.4. Different Systems of Fundamental Units : 


A complete set of units (fundamental and derived) for all physical quantities is called system of 
units. There are in general three system of units, each of which derive its name from the initial letters 
of the fundamental units upon which it is based. They are :— 


(i) CGS system : This system of units was set up in France and is based on centimetre, gram and 
second as the fundamental units of length, mass and time respectively. It is a metric system of units. 


.. (ii) FPS system : This system of units is based on foot, pound and second as the fundamental unit 
of length, mass and time. It is also known as British system. Use of this system is declining more and 
more now. 


(iii) MKS-system : In this system metre, kilogram and second are the fundamental units of length, 
mass and time. It is also a metric system a units and closely related to cgs system. 

(iv) SI or International system of units : It is the most upto date version of metric system and it 
replaces C.G.S. system through out the world. This system was introduced by the General Conference 
of Weights and Measures held in 1960. 

The units of mass, length and time can be used to obtain the units of physical quantities in mechanics 
only. These three fundamental units are not sufficient to obtain the units of the physical quantities which 
occur in different branches of physics. In SI system there are seven basic units and two supplementary 
units : 


| SN. | Basic physical quantities BOR Hd Symbol 


l. Length metre 
2 Mass kilogram 
3. Time second 
4. Temperature kelvin 
5 Electric current ampere 
6. Luminous Intensity candela 
d 


Quantity of matter mole 


Supplementary physical quantities mue e| Symbol 


Plane angle radian 
Solid angle steradian 


The above seven basic units and two supplementary units are found to be sufficient to obtain the 
units of all the quantities in physics. 
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* Definitions of the basic units : 
1. Metre (m) : Until recently, the international standard of length was a bar of platinum — iridium 
alloy called the Standard metre kept at the International Bureau of Weights and Measures near Paris. 


Modern Definition : The standard metre is equal to 165076373 wavelengths (in vacuum) of the 
orange-red radiation corresponding to the transition between energy levels 2p,, and Sd, of kr** atom. 


Note : (a) The units of length commonly used for measuring very small distance in scientific 
work are 


(i) 1 fermi or femto metre F = 10-5m 
(ii) 1 angstrom (A?)-10-!?m 
(iii) | micron or micro metre (p m)*10-5m 
(iv) | nanometre (nm) = 10?m 
(b) The following units are used to measure large distance 
(i) light year (ly) : It is the distance travelled by light in vacuum in a year. 1 ly = 9:46x10'5mn 
(ii) Astronomical unit (AU) : It is the mean distance of the earth from the sun 1 AU: 1:496x 10!!m 


(c) Parallactic second (Parsec) : It is the distance at which an arc of length one astronomical unit 
subtends on angle of one second of the arc. 


: l 
From 0 KA We have r =— 
r 8 


T Fi 
60x 60x 180 
m 
Pu EC E 1-496 x10 x60x60x180 =3-08x10'%m 
n 
2. Kilogram (Kg) : 1 kg in equal to the mass of platinum — iridium cylinder of diameter e; ual to 
its height kept in the international Bureau of Weights and Measures at Serves near Paris, France. 


Note : In atomic and nuclear physics, mass is measured in terms of atomic mass unit (a.m.u.). One 


Here / 2 1:496x10!'m ; 0 =Isec.= ad. 


1 
am.u. is defined as 77 th mass of one (C? atom. So, 1 a.m.u. = 1-66x 107 kg. 


3. Second (s) : One second. is equal to the duration of 9,192,631,770 vibrations corresponding to 
the transition between two hyperfine levels of cesium — 133 atom inthe ground state. 


4. Ampere : It is adoped as unit of electric current. One ampere is defined as the current generating 


a force of 2x 107’ N/m between two straight parallel conductors of infinite length and negligible circular 
cross section, when placed 1 m apart in vacuum. 


5. Kelvin : It is the unit of temperature. 


It is defined as the fraction 95 
water. 1 
6. Candela : It is adopted as unit of luminous intensity. One candela is defined as the luminous 


" of the thermodynamic temperature at the triple point of 
ge 


intensity, in a perpendicular direction, of a surface of area 600000 Square metre of a black body at the 


temperature of freezing platinum (204665 K) under a pressure of 101325 N/m?. 
7. Mole : It is a unit of quantity of matter. 
I mole is equal to the weight of 6-023 x10% atoms of C-12 isotopes. 
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2.5. SI derived units : 


In SI system we have seven fundamental quantities which are measured in terms of fundamental 
units. Other physical quantities which can be defined in terms of these fundamental quantities are called 
derived quantities and their units are called derived unts. SI derived units of some derived quantities are 
given in the following table. 


Derived physical quantities Symbol 


Force Newton 
Work or energy Joule 
Power watt 
Charge (electric) coulomb 
Potential difference volt 
resistance Ohm 
Capacity of Capacitor Farad 
Magnetic flux Weber 
Magnetic flux density Tesla 
Inductance Henry 


l. 

2 
3i 
4. 
b 
6. 
7. 
8. 
9, 


= Ss 


Pressure, stress Pascal 
Frequency Hertz 

Viscocity Pascal second 
Surface tension Newton per metre 
Electric field strength Volt per metre 
Magnetic field intensity Ampere per metre 


ARESS 


2.5.1. Merits of SI System : 
The SI system of units have the following merits : 


(i) It is a coherent system of units. Because it is a system of units in which all the derived units are 
obtained from the fundamental units by only multiplication or division without introducing numerical 
factors. 


(ii) It is a rationalised system. 
(iii) The units are easily reproducible. 
(iv) They do not vary with time as they are based on the properties of an atom. 


ANSWER TO SOME QUESTIONS 


Q. 1. What we should know in order to measure a physical quantity ? 

Ans. To measure a physical quantity we should knew its unit and the number of times the unit is 
contained in the physical quantity. 

Q. 2. Is light year a unit of time ? 

Ans. No. It is a unit of length. 
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Q. 3. Define atomic mass unit (a.m.u.) 

Ans. | a.m.u. is defined as 1/12 th of the mass of one ,C!? atom. 
^. lo amu. a1 12x107 | 
12 6-02x10> 
Q. 4. Derive the SI unit of Joule (J) in terms of fundamental units. 
Ans. Joule is a unit of work and we know that 


= 1-66 107" kg 


distance 1 
work = force x distance = mass x acceleration x distance = mass x Nane. x distance 
kg x m? a 
^ {oe A is : 
s 


A. Short Answer type questions : 
1. What is meant by unit of a quantity ? 
. Name the system of units used now a days ? 
. Name the basic units in SI system. 
. What is the unit used to measure wave length of light ? 


- The mass of an electron is 9.1 x 107?! kg. How many electron will make one kg ? 
. How many times larger is the kg from a mg? 


au kk wn 


x 


B. Essay type questions : 
1. What is a physical standard ? What characteristics should it have ? 
2. What are the merits of the SI system of units ? 
3. What is coherent system of units ? Define the basic units in S.I. system. 


4. What is a fundamental physical quantity ? Give three examples. 
C. Fill in the blanks : 


l. SI unit of specific heat capacity S 
2. In SI units, the magnetic field is expressed in units of 
3. The unit of both and is joule. 


4. The value of the constant Ho & is 


[Ans. 106] 


- Express 0:000004 m as power of 10. [Ans. 4x10% m] 


DIMENSIONAL ANALYSIS 


; Dimensional formulae and equations ; 
Example: 


3.1. Dimensions of physical quantities : 


We can form a derived unit in terms of one or more fundamental or basic units. We shall now 
introduce the concept of the dimension of a physical quantity. Here we consider only the quantities that 
we come across in mechanics. In this case, we have three fundamental quantities — mass, length and time. 
Let the symbols [M], [L] and [T] respectively denote the dimensions of mass, length and time. It is to 
be noted that these symbols only indicate, the nature of the units and not its magnitude. Thus the 
dimension of area can be written as 


area = length x breadth =[L] [L] -[L?] 
So, for area, the power of length is two. We say that area has two dimensions of length. Also in 
expressing area unit of mass and time do not occur. We write dimension of area = [M? L? T°] 


mass 


Similarly for density we have, density — - MES [Mu] 
volume L 


So density has one dimension of mass, —3 dimension of length and zero dimension of time. Thus, 
the dimension of the units of a derived physical quantity may be defined as the number of times 
the fundamental units of mass, length and time appear in the physical quantity. 

3.2. Dimensional formulae and equations : 


The dimensional formula of a physical quantity may be defined as the expression that indicates 
which of the fundamental units of mass, length and time enter into the derived unit of the quantity and 
with what power. 

It is customary to express the fundamental quantities by a capital letter, e.g., length (L), mass (M) 
and time (T). 

Thus the dimensional formula for density is | ML? T°]. It gives the following two informations. 

(i) The unit of density depends on unit of mass and length and is independent of unit of time. 


(ii) In the unit of density the powers of the mass and length are 1 and —3 respectively. 


Again, if we represent the density by [D] then the equation such as [D] — [Mi^ T) is known as 
dimensional equation. ù 

So, the equation, obtained when a physical quantity in equated with its dimensional formula is 
known as dimensional equation of that quantity. 

In general in the dimensional equation [X] = [M^ L^ T^], right hand side represents the dimensional 
formula of the physical quantity X, whose dimensions in mass, length and time are a, b and c respectively. 

How to determine Dimensional formula ? 

To obtain the dimensional formula, first write the quantity in terms of basic quantities and proceed 
as illustrated. : 
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velocity _ displacement 

time time)? : f 

(ii) Force acting on a particle of mass m is related to the acceleration *a' given by 
F = ma —[F] = [m] [a] 


~ [F]=[M] [LT ] = [MLT>] 


L ns 
(i) Acceleration, a = ary =[L zs 2] 


Q 


0, -6) 
(iii) Thermal conductivity k of a material is defined as voi ga 91-9) 


x 
where Q is the amount of heat energy conducted in time ¢ through a cross section A when the two 


faces of a slab of thickness x are at temperatures 0, and 0. 


k= Q Æ asd sat a 
SFA Os 0; 
Q is energy having dimension [Murr] and [0, -0,]=[6] 
MEI CI Se 
[ki —.5 s = [MLT“e"'] 


Dimension of some physical quantities are given in the table below : 


Relation with other quantities 


momentum mass x velocity MLT-! 
force mass x acceleration MLT? 
Torque Force x arm length ML?T2 
impulse Force x time MLT”! 
work Force x distance ML?T? 
power work + time MLT? 
Pressure Force + area ML-T? 
angular velocity angle + time. [M*L?T-!] 
frequency No. of vibration + time M?L*T! 
Stress Force + area ML7!T2 


3.3. Principle of homogenety of dimensions : 

We consider a simple equation A + B = C 

This equation states that when a physical quantity A is added to another physical quantity B, the 
result is a third quantity C. To be physically meaningful, the nature of the quantities on the left hand side 
of the equation must be identical with the nature of the quantities on the right hand side. For example, 
if A is a length, B must also be a length and C should also express length. In the other words, the 
quantities on both sides of a physical equations must have the same dimension, This is called the 
principle of homogenety of dimension. 


3.4. Uses of dimensional equation : 
Dimensional equations provide a very simple method of deriving relations between physical 
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quantities involved in a physical phenomena. The analysis of any physical phenomenon by the method 
of dimension is called dimensional analysis. The analysis is based on the principle of homogenety of 
dimension. 


There are four important uses of dimensional equation : 

(i) Conversion of units from one system to another. 

(ii) Checking the correctness of an equation. 

(iii) Derivation of the relationship between the physical quantities involved in any phenomenon. 
(iv) Finding the dimensions of constants or variables in an equation. 


3.4.1. Conversion of units by dimensional method : 


The value of a physical quantity in some other system can be obtained when its value in one system 
is given. It can be done by the method of dimensional analysis. 


From equation 2.2 of Chapter 2 we get, nu, = nu; 
Let P be a physical quantity whose dimensions of length, mass and time be x, Yi and z respectively. 
Then dimensional equation of the physical quantity P is [P]= [emr]: 
If L,, M,, T, and L,, M,, T, be the units of length, mass and time in two systems, then 
n[i* Mi 7]- m|L M? T] 


ZEE 


Example 3.1. : A force of 20N acts on a body. Obtain the value of the force in dyne. 


Solution : Newton is the unit of force in SI system and dyne is the unit of force in cgs system. The 
dimensional equation of force, [F] = [MLT?] 


X D H 1 1 Ll 
Li Mı T m ||kg||s 
= =20 i Lats A 6 
H3 n=] Fa E acted =20x 100x 1000 = 2x 10" dynes 


Ex. 3.2. : If unit of acceleration be 980 cm/s? and unit of velocity be 3x 10'^ cm/s, calculate 
unit of time. 


Solution : Dimension of velocity, [V]-[LT-'] and dimension of acceleration [a] = [LT] 


pal) 3x109 5.06x10"s 


~. Unit of time =3-06x 107 s - 
Ex. 3.3. : 1 calorie of heat energy is 418 J. In a certain system, unit of mass is o kg, unit of 
length B m and unit of time y s. what is the value of 1 cal in this system. 


Also calculate the value of 1 calorie in cgs system. 


Solution : Here the physical quantity is energy whose dimension is [mer] 


E n[M,L?n7] =n,[MjL,’T?| 
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M, 1 
Here n = 4-18, m 22, M; - 14g, M; =a Kg... MP 
bozd 
= Im, L; = ==. 
L, = Im, L3 =B m p 8 
T, = Is, T: E de 
palsy 5 —-Yy m 


Pes [MT Iur s PARCI enka 
eil Fe] n). eene 
The cgs system à —10^, B 2107? and y7! 
. m=4-18x10° x 104 x 12 4-18x 107 ergs 
^ Leal = 4:18 J =4-18x 10" ergs 
Ex. 3.4. : Express of 1 H.P., in watts. Given, L inch = 2:54 cm and 1 Ib = 454 g. 


Solution : | H.P. = 550 ft-lb / s = 550x32 ft-Poundal / s 


Now, the dimension of power, W = [we7?] 


1 2 -3 2 -3 
M,} }L, | | 7, 454 g \( 12x2-54 cm B 
^m-h Tim str A a 
D M5 Lz T lg lem s 
= 550.x 32 x 454 x (12 x 2-54) ergs/sec =746 J/s = 746 watts 


Ex. 3.5. : In cgs system, the value of Stefan’s constant is o = 5-67x 107° erg s~! cm? K^, find 
its value in SI system. 


Solution : Here g —5.67 x10 ergs s! cm? K4 
In SI unit of work is Joule, 1 ergs =10-7 J, 1 cm = 102m 


-2 
^. In SI, o 25-67 x10 [10771]; [102m] k^ 
-25.67x10 x107 x 10*J 57 m? K7 
-25.67x1073J s! m? K” 


3.4.2. Checking the correctness of an equation : 


Two or more physical quantities of same nature can be added and their resultant is also of the same 
nature. It is not possible to add or compare two physical quantities of different kinds. It means that the 
dimensions of the two sides of all the terms in an equation must be the same. 

The correctness of a physical equation can be checked by the principle of homogeneity of dimensions. 

According to the principle, the dimensions of the fundamental quantities (mass, length and 
time) are same in each and every term of either side of the physical equation. 


To check the correctness of a given physical equation, the physical quantities of the two sides of 
the equation are expressed in terms of the fundamental units of mass, length and time. If the powers 
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of M, L and T on the two sides of the equation are same, then the physical equation is correct and 
otherwise not. 


Ex. 3.6. : Check the dimensional consistency of the equation for the time period of a simple 
l 
pendulum, z= 2x |—. 


Solution : Left side : t = [T] 


1 ELE 
Right side : E-k] =[T] 


So, the dimension of the left side = the dimension of the right side. 
Hence the equation is correct. 


Ex. 3.7. : According to Newton the velocity of sound in gaseous medium is V = ne P=pressure 
of the gas and D = the density. Check the correctness of the equation. : 


Solution : Left side : V -[r] 


P |ML'T? H 
Right side : [t [EE fer '] 


Hence the given equation is dimensionally correct. 
Ex. 3.8. : Check the dimensional consistancy of the equation. 


BSS Lm mu? 
2 2 


When S is the distance travelled, F is the applied force ; w and v are the initial and final 
velocities of a body of mass m. 


Solution : Left side : Poner -[we?] 
Right side : qe -[M] fiti]: -[we?] 


iban alate Es eto ed 
z™ =[M]|LT ] =[Mer?] 
Hence the given equation is dimensionally correct. 


3.4.3. To derive the relation between various physical quantities. 


The principle of homogeneity of dimension can also be applied to obtain relationships between 
different physical quantities. This method of deriving relations with various quantities is illustrated 
through the examples given below : 

Ex. 3.9. : The frequency (i) of transverse vibration of the stretched string depends on tension 
of the string (F), length of the string (/) and mass for unit length of the string (m). Deduce by the 
method of dimension the formula for the frequency of transverse vibration of string. 


Solution : Let na Fn? n2 kF'Ünr* 


l 
Now, dimension of n is [T^] because ” ri [t = time period] 
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dimension of tension (F) = dimension of force = [MLT] 
dimension of / = [L] and dimension of m = [ML] 


^ [r'] 2 [uor? ipm} 
Equating the powers of M, L and T on both sides, we get 


x+z=0,x+y-z=0 and -2x--1 


! 1 
mpl nek Tm? -4 E 


2 1 IIF 
From experiment, k2 — ~ n=— —. 
2 2l lm 


m 
Ex. 3.10. : Experiments show that the frequency (n) of tuning fork depends upon the length (/) 
of the prong, the density (d) and Young's modulus (Y) of the material. From dimensional consideration 
find a possible relation for the frequency of the tuning fork. 


Solution : From the given conditions : n= f (ld, Y) 
"orm E IY or, [T] = L' [MC] Imc? 


Equating the powers of M, L and T on both sides, we get y*zz0, x-3y-z-0, -2z 2-1 
t 
fyc] and x=-l . x=kl'd? y? nat 
It is the required equation. 


Ex. 3.11. : The velocity of sound (V) in air depends on the following quantities : (i) density of 
the medium (p), (ii) elastic modulus. of the medium. If the dimension of elastic modulus be 
[ML T2, obtain an expression for the velocity of sound in air. 

a h 

Solution : Let V a p"E^ Hence, [-r“]= KML] [MeT] 


Equaliting the coefficient of M, L and T on both sides 


dba qu 
2 


2 


bod 
Agi E 
“V=kp 2B2= E From the theory, we know, k=, AE 
p 


3.4.4. Finding the units of constants in a equation : 
The units of the constants 


occuring in an equation can be obtained by applying the principle of 
homogeneity of dimension. We consider the example : 


Ex. 3.12. : In Van dar Waals? 


a*bz0,-3a-b- land -2b- —] 


equation what are the dimension of constants ‘a’ and ‘p’ ? 
Solution : The given equation : ( P+ 5 o9 =RT 
v 


According to the principle of homogeneity of dimension, £ and b is should have dimensions of 
; 3 Vi 
P and V i.e. of pressure and volume respectively. 
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Thus [4] = [Pressure] 
a=v? x pressure - [UT x[ML'T?]=[ML*T] and 6 = volume -[r]-[w^r?] 


3.5. Limitation of Dimensional Analysis : 

The method of dimensional analysis provides simple and quick solution to so many physical problems. ' 
But it has the following limitations : 

(i) By this method we get-no information regarding the dimensionless constants which usually 
appear in the equation. 

(ii) This method cannot be used to derive a relation in the case when trigonometric or exponential 
functions are involved. ; 


(iii) This method fails to derive a relationship when a physical quantity depends on more than three 


quantities. 


1, Give the c.g.s. and SI units of the following question (i) force, (ii) pressure, (iii) density, (iv) torque, 
(V) gravitational constant, (vi) momentum, (vii) impulse, (viii) work, (ix) power, (x) frequency, (xi) gradient of 
velocity, (xii) moment of inertia, (xiii) thermal conductivity, (xiv) Young's modulus. 


2. Determine the dimensions of the physical quantities given in the Q. 1. 


3. Show that the quantities L/R and CR have the unit of-time, where L = self inductance, R = resistance and 
C = capacitance. 


4. Give the unit of specific heat in both c.g.s. and SI system. 


A. Short Answer type question: » 


5. Show that unit and dimension of work and torque are identical. 


6. What is meant by dimension of a physical quantity ? How can you express the dimension of a quantity in 
terms of mass, length and time ? 


7. What is dimensional equation ? Show the usefulness of a dimensional equation with an example. 
8. State the principle of homogeneity of dimension. 


9. Mention the usefulness of the principle of homogeneity of dimension. 
4- Š 


hr SM Meas A 3 
10. Prove the relation t= E 1 by the method of dimensional analysis, where t = torsional constant, / = 
length of the wire, r = radius and r] = rigidity modulus. 
11. Obtain the dimension of thermal conductivity. [Ans. MLT-'K-'] 


12. Kinetic energy of a rotating body, E- 7 o? calculate the dimension of moment of inertia from this 
relation. [Ans. ML?] 


13. In the relation x=a+bt+ct?. x is in metre, ¢ in sec. Obtain the unit and dimension of b. 


4 
14. The Poisenille’s equation for volume of viscous liquid flowing through a capillary tube is V = Ar , where 
n 
P is pressure difference, r = radius of the tube, / — length and v is coefficient of fluid viscosity. Obtain the dimension 


of n. [Ans. ML-!T-!] 
Phy (1)—2 
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15. Show that the units of. angular momentum and Planck's constant are identical. Here Planck's constant 
h= £ . E = Energy and v = frequency. 
M 


16. If force (F), length (L) and time (T) are fundamental units, calculate dimension of mass. | [Ans. FL-! T 
|.-E.E. 1999] 


17. Rotational kinetic energy of a body is E -ie) » calculate dimension of moment of inertia (D). [Ans. ML] 


18. If instead of mass, length and time as fundamental quantities, we choose velocity, acceleration and force 
as fundamental quantities and express their dimension by V, A and F respectively, show that the dimension of 
Young's modulus can be expressed as [FA?v-4]. 

19. What are the dimensions of (i) permittivity ( € ), (ii) Permeability (Ho) of free space. Also show that the 
dimension of l/u € are same as those of square of velocity, [Ans. (i) MILT?Q? : (ii) MLQ?] 


DD (i) po Ho hilo ] 


Hints : (i) F= 
tie Hi 4ne r? 4n r 


20. Obtain the dimensions of (i) Boltzmann's constant, (ii) Plank’s constant, (iii) Stefan’s constant. 
. [Ans. (i) ML?T?K-!, (ii) ML?T-!, (iii) ML?T-!K-4] 
B. Numerical Problems : 


1. The value of the gravitational constant in c.g.s. system is 6-66 x 10° cgs. What is its value in F.P.S. and 


S.L. system. [Ans. 1-07x10? :6-66x 107! ] 
2. A force acting in a body of mass 15 kg for I min. producesa velocity of 4:6 km/s. Calculate the value of the force 
acting on the body. [Ans. 1-15x 107 dyre] 
3. The value of acceleration due to gravity at a place in F.P.S. system is 322 ft/s? Obtain its value and unit 
in SI system. [Ans. 98 n/s?] 
4. Acceleration due to gravity is 980 cm/s. If the unit of length is Km and unit of time is hour, calculate:the 
value of acceleraiion due to gravity. E [Ans. 1.27 x 10° km/hr?] 


5. Show that if the units of length and force to are increased three times, the unit of power will be raised 
9 times. i 


6. The pressure, volume and temperature of a certain Bas is expressed by (r-)o-- RT [a. b are 
constants}. Obtain the dimensions of a and b. % [Ans. ML^T? : L3] 


MEASUREMENT 


TOPICS : Method of measurement of large and small distances. Measurement of 
mass and time ; order of magnitude ; Errors in measurement ; Significant figures ; 
order of accuracies ; Examples. 


4.1. Introduction : 


The measurement of a given quantity is essentially an act of comparison between the quantity 
(whose magnitude is unknown) and a predefined standard Since two quantities are compared the result 
is a numerical value. In fact, measurement is the process by whiclr one can convert physical parameters 
to meaningful numbers. Now the numerical measure must be assigned a unit, since a unit identifies the 
characteristic or property measured. 


Physics is a science of measurement. Lord Kelvin, a leading physicist of the 19th century once 
said, ^when you can measure what you are talking about and express it in numbers, you know 
something about it, but when you cannot, your knowledge is of a meagre and unsatisfactory kind ; 
it may be the beginning of knowledge, but you have scarcity in your thoughts advanced to the stage 
of science." 


4.2. Fundamental physical quantity : 


Laws of physics are expressed in terms of physical quantities. All quantities which can be measured 
directly or indirectly is called physical quantities — such as, length, time, mass, force etc, Physical 
quantities are divided into two classes — fundamental and derived. Fundamental quantities are length, 
mass and time. But force is a derived quantity as it is derived from the measurement of length mass 
and time. I 


4.3. Order of Magnitude : 

The concept of order of magnitude is very useful for estimating how big or how small'a given 
physical quantity is. Sometimes it is sufficient to know the order of magnitude of a quantity instead of 
knowing its absolute value. In order to determine the order of magnitude of a physical quantity, we first 
express it in the nearest power of 10. The power of 10 so obtained is called the order of magnitude of 
that physical quantity. Thus the order of magnitude of a number N is said to be x if 9.5 < m «5. In 


the table 4.3 we give some examples : 


Table 4.1 Order of Magnitude 
uantit Expressed in nearest power of 10 Order of Magnitude 
y P p 
8 
14 
48 . 
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Expressed in nearest power of 10 Order of Magnitude 


0:52x10? 
093x10? 
117x102 
0:992x 10? 
1058x103 


This table shows how to determine the order of magnitude of a quantity. It is to be noted that order 
of magnitude of 48 is not the same as that of 52. 52 is one order of magnitude higher than the number 
48. The radius of our galaxy is 0:6x10°, so its order of magnitude is 20. Also radius of proton is 
12x10-55, So its order of Magnitude is —15. 


4.4. Errors in Measurement : 


There is a limit of accuracy of the measuring instrument as well as of the person who is measuring 
the physical quantity It means that exact measurement of a physical quantity is not possible. This is 
Heisenberg’s uncertainty principle. This uncertainty in the measurement is called an error. 

In many experiments in physics laboratory, we want to determine the value of a physical constant. 
To determine the value of a physical constant, we have to measure the various quantities which are 
related to the physical constant by a formula. For example, to measure the force (F) acting on a body 
we have to determine the masg (m) and its acceleration (a) which are related by the formula 

F —ma. m 

The accuracy to the value of F obviously depends on the accuracy in the measurement of m and a. 

The measurement of physical quantities involves two type of errors : 

(i) Systematic errors and | 

(ii) Random errors. 


I, Systematic Errors : During the course of some measurement, certain sources of errors operate 
constantly or systematically making the measurement systematically greater or smaller than the correct 
reading. These errors are called systematic errors. The causes of the systematic error can be traced. 
Attempts can be made to minimise such errors and allowance can be given while making calculations 
based on such measurement. These errors can be subclassified as follows : 


(a) Gross errors : This errors are introduced in the measurement due to carelessness of the observer. 
This error can avoided by careful working. 

(b) Instrumental errors : These errors are due to short comings of the instrument like coarse least 
count, zero error, faulty calibration, backlash, bad centering of axis of rotation etc. ° 

The instrumental errors can be eliminated by careful planning and applying corrections. 

(c) Observational errors : There errors are introduced by the bad habits and wrong judgement of 
the observer. Parallax error is one of such errors. ; 

(d) Environmental errors : Such errors are due to changes in the external conditions. They are 
caused by-the changes in temperature, humidity, pressure, earth's magnetic field etc. These errors can be 


avoided by maintaining standard conditions during a set of measurements or by applying necessary 
corrections. 
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II. Random Errors : It is found that if the same measurement is repeated several times, usually the 
same result is not obtained inspite of taking full care of systematic errors, So, over and above systematic 
errors, there are other uncontrolled and unpredictable errors which may arise due to various known or 
unknown reasons. 


Random errors can not be traced to any systematic or constant causes of error. They do not obey 
any well defined law of action. Since these errors arise from ambiguities or uncertainties in the process 
of measurement or from fluctuations which are too irregular or fast to be the observed in details, 
corrections can not be applied. 

Let a physical quantity is measured N times and its values be a), à; ....., ay then the average value 
of the physical quantity a (or correct value) is s 


4.4.1. Absolute errors : 


The magnitude of the difference between true value and measured value of a quantity is called 
absolute error. Thus ie 


absolute error = true value — measured value. 
If we regard arithmatic mean as the true value, then.the absolute error in the measurement is 


Aa, =a-a; ^ 


It is expressed as units of measured value. The final absolute error is taken as the arithmatic mean 
of the absolute error in various measurements. Thus 


— |Aa,|+| Aay |+.....+| Aa, E: 
xxl | | 2| | «| —X|^a| 
n n isi 
4.4.2. Relative error or Percentage error : 

The knowledge of relative error is more important than the absolute error in a measurement. 
The relative error is defined as the ratio of the absolute error to the true value. Thus‘the relative error 


is given by eke 
a 
Where a (arithmatic mean) has been taken as the true value. 
The percentage error is given by 


Aa 
percentage error = — x100 


4.4.3. Combination of errors : 
(a) In sum : If Z = A + B, then AZ = AA + AB ie. when two physical quantities are added 


then the maximum absolute error in the result is the sum of the absolute errors of the individual 
quantities. S 
(b) In difference : If Z = A — B, then the maximum absolute error is AZ = AA + AB..... (4.1) 


In this case also errors are added 
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(c) In product : Let Z — AB. Taking log on both sides In Z = In A + In B 
differentiating we get, 


—— ee 
Ze R eis oka stn Wier sec e LEE (4.2) 


. Maximum relative error in Z = maximum relative error in A + maximum relative error in B 


The maximum percentage error in Z is given by 


BE 00 2 e100 E 100 E ee ee (43) 
Z A B 


: Maximum percentage error in Z = Maximum percentage error in A 
* maximum percentage error in B 
(d) In division : If Z = A/B then the maximum possible relative error in Z, 
AZ AA AB 


Z = Xa E Psy v iens Lene os ska CIS RTREDE E AT (4.4) | 


-. Maximum relative error in Z = Maximum relative error in A + maximum relative error in B 


Also maximum percentage error in Z is 


2 100 = AA , ioo AB 100 Soto RET ceo eeepc (4.5) 
Z A B 


Maximum percentage error in Z = Maximum percentage error in A 
+ maximum percentage error in B 
From the equation (4.2), (4.3), (4.4) and (4.5) we see that when the result involves multiplication 


and division of two observed quantities, the maximum possible relative or percentage errors in the result 
are equal to the sum of the relative or percentage errors of the observed quantities. 


3 OZ AA 
(e) In power : (i) Let Z — A", Then ZR UR 
Thus the relative error in A" is n times the relative error in A. 
yn 
(ii) In the most general form if Z= A'B 
c" 


nm dead " in Z is ey BA AB, AC 
us the maximum relative error in Z is > SUAE E 
AZ AA AB AC 
Also maximum percentage error in Z is ez 51007 Heyn oS Mm s 100 


4.4.4. Averuge. errors : 


Letter, arom x, be the results of n observations of a quantity, we assume n being very large ` 
and X be their arthimatic mean. 


n 
Standard deviation (S.'D.) or r.m.s. deviation is defined 


87 +85 +....482 E 
n ema mak. " 


8? 
9.9 aada 
t 


MEASUREMENT 23 


In practice, of course, the possible number of observations is finite. The standard deviation of finite 
number of observations is given by 
. [514024482  |L 8? 
^ n-1 Nael 
Example 4.1. : In the experiment for the determination of refractive index of glass the different 
‘values obtained are 1:56, 1:54, 1:52, 1:44, 1:45, 1:55 and 1:49 in successive measurements. Calculate 
(i) mean value of refractive index of glass, (ii) absolute error in each measurement, (iii) mean 


absolute error, (iv) relative errors, (v) percentage error. Also express the result in terms of absolute 
error and percentage error. 


Solution : (i) Mean value of refractive index is 
— ]L5641:5441:524 1-44 - 1-45 41-554 1-49 
Wu o e M 

(ii) Taking u as the correct value, the errors in the seven measurements are 
1:51-1:56 = —0 05 ; 151-1554 = -003 ; 151-152 = —0:01 
1:51-1:44 = +0 07 ; 151-145 = 40:6 ; 1:51-1:55 = -0: 04 
and 1:51-1:49 = +0: 02 

(iii) Mean absolute error in the measurement of p is 

—_ 0-05+0-03+0-01+0-07 +0-06+0-04 4 0-02 


Ap = -0.04 
a 7 
(iv) Relative error in the measurement of p is Sp PU = 0-02649 = 0.03 


u 
(v) Percentage error in the measurement of p = 0:03 x100 = 3% 
Value of u expressed in terms of absolute error = 1:51+004 

Value of p expressed in terms of percentage error = 1-513: 396 


Ex. 4.2. : The radius of a sphere is measured to be 5-35 0-1. Calculate percentage error in 
volume. 


Solution : Here radius of the sphere, R — 5:3 
~. Absolute error, AR = 01 
Now, the volume of the sphere, V = $n R? 2 
AR AV, 04 0:3 


$ xin vol AV AR AVS OL 
-. Relative error in volume, Sn Sheer $6055 
AV. 0-3 100 
*. Percentage error in volume AER 100 = EE 5-7% 


Ex. 4.3. : The potential difference V=20+1 volt, when applied across a resistance gives a 
current of 2-5+0-5 Amp. Find the resistance with limits of error. 


V 20 
Solution : Resistance, R2 — ~. R-—— = 8 ohms 


J 2.5 
AR AVAL 1,0 T. 05-0-2 2 0-25 
RU v de 20" 255 
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- AR=0-25x8=2 

Resistance with limits of error - 8*2 ohm. 

Ex. 44. : A potential difference of V=20+1 volt, when applied across a resistor gives a 
current I = 10: 0-2 A. Calculate the percentage errors in V, I and R. , 


Soluti i) Relati in V. AN tag de 
olution: (i) Relative error in V, rm 


AV 
-. Percentage error in V, ^E 100 = +5% 
AD +0-2 


(ii) Relative error in I, YET p 200 
AI 
-. Percentage error in, I = TZ 100 = 10-02 x 100 = +2% 
iii) Relati T i R Av, Al 
(iii) Relative error in resistance, RU iU 
AR AV I 


«<. Percentage error in R, Toi xo 100-- 5:100 = 59% +29% =7% 


Ex. 4.5. : A set of independent current measurements was taken by six observers and recorded 
as 128 mA, 122 mA, 125 mA, 131 mA, 129 mA and 124 mA, calculate (i) arithmatic mean, 
(ii) the deviation from the mean, (iii) Average deviations, (iv) standard deviation. 


"Solution : (i) The arithmatic mean is given by 
poU) tx ex, 
LE ER 


n 
_ 12:8+12-24+12-5+13-1412-9412-4 


A =12-65 mA 

(ii) Deviations from the mean are 

8, =x, 2X =12-8-12-65=0-15 mA 

5) =x) -X =12-2-12-65=-0-45 mA 

ô; = 4X3 -¥ =12-5-12-65=-0-15 mA 

6,-2x,-X- 13:1-12-65 = 40-45 mA 

8, =x; X -12:9—12.65- 0.25 mA 

8,73, -3 -12:4—12:65--0.25 mA 
(iii) Average deviation, 

g - Bil+1521+183] fo. - os] fos] 

> EIER e i 


= 
n-] 


ep - | 172045) «0157 +029) AU TS. 


(iv) Standard deviation (S. D.) = 
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Ex. 4.6. : The measures of length and breadth of a rectangle are / = (300 + 02) cm and 
b = (100 + 0-1) cm. What is the percentage error and absolute error is area ? 

Solution : length 2300 + 02 = 30:0 + 067% 

breadth = 100 + 0:1 = 100 + 1% 

Now, Area = length x breadth 

Since in a product percentage errors are added 

^. Area = 300 + 167% = 300 + 5:01 

«<. (i) Percentage error = 1:67%, (ii) absolute error = 5:01, 


Ex. 4.7. : The measure of the radius of a sphere is (3:00 3: 2%) cm. Calculate the percentage 
error in volume and area. Also calculate the absolute error in voltage and area. 


E 4 
Solution : Volume, V = jy" nó. 
3 


2 


QAM RAE AT ia Ar 
ae LAN V r 
-. % error is volume = 3 x % error of radius = 3 x 02 = 06% 


*. Volume of the sphere V = (113 + 06%) cm = (113 + 0:7) em’. [$x - SO ay J 
Again, surface area of the sphere, S = 4n? 
AS 2r 


S r 
-. % error is area = 2 x 02 = 0496 


<. Area of the sphere, S = 113 0496 = (113 + 05) cm? 

4.5. Significant Figures : Precision of Measurements : 

The significant figures express the accuracy with which a physical quantity may be expressed. 
The digits required to express a physical quantity precisely are called significant figures. 


No measurement of a physical quantity can be correct in any absolute sense. The numerical value 
of a measured quantity can only be approximate. The precision in measurement depends upon the 
instrument employed to make that measurement. The number of significant figures in any measurement 
indicates the degree of precision of the measurement. The greater the number of significant figures 
obtained when making a measurement, the more precise is the measurement. The number of significant 
figures in the measurement of a physical quantity is an indicationof its relative accuracy. The following 
example illustrates the meaning of significant figures in a measurement. 


Suppose we want to measure the length of a wire. We measure the length by a metre scale and 
observe it to be 165 cm. We cannot measure this length to the second decimal place of centimetres 
because the metre scale (the measuring instrument) can read up to an accuracy of only one-tenth of a 
centimetre. This measurement is, therefore, not exact but only approximate. 


We can check the reliability of the measurement by measuring the same length a couple of times. 
Most often (at least six out of ten) the result is 16:5 cm, although once or twice the length measured may 
be 16-4 cm or 166 cm. Evidently, the variation in the decimal place is due to personal error inherent in 
any measurement. So, in 16.5 cm, the figures | and 6 cm absolutely correct, but the figure 5 is only 
reasonably correct. But the figure 5 is as significant as the figure 1 and 6. 


We say that in the measurement of a length of 16.5 cm, there are three significant figures, namely, 
1, 6 and 5. Significant figures give actual information about the magnitude of a quantity. The number 
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of significant figures in any measurement indicates the degree of precision of that measurement. It 
is absurd to express the length to four significant figures as 16:54 cm by a metre scale. The figure 4 is 
not significant because it gives information which cannot be obtained with a metre scale. However the 
length can be expressed as 16:54 cm if it is measured by a scale provided with Vernier Callipers, which 
can measure length upto an accuracy of one-hundredth of.a centimetre. In such a measurement 1,6,5 
and 4 are significant. Evidently this measurement has a higher degree of precision. 


* How to determine the significant Figures ? 


Significant Figures in a numerical statements depends on the results of the measurements. Consider 
a numerical statement : The weight of body 1200 kg. If the scale of the measuring instrument is accurate 
to +100 kg then, only the first two digits are significant. The zeros only serve to indicate the magnitude 
of the measurement. So, the zeros only. serve to indicate the position of the decimal point. 


If the scale is accurate to +10 kg, the first three digits are significant and if the scale is accurate 


to +1kg, all the four figures can significant. Thus the number of significant figures depends on the 
accuracy of the scale of measurement. 


To determine the number of significant figures in a given number, it is better to express the number 
in the exponential notation in terms of power of ten. If the number 1500 be written as 1-5x 10? , the 
number of significant figure is two. But if it is written as 1-50x 10^, the number of significant figure 
is three. Also if it is written as 1-500x 10°, the number of significant figure is four. 


The convention is that, if the accuracy of the scale is not stated, then the zeres are not treated 


as significant figure. For example, in the statement : the weight of a body is 1500 kg there are two 
significant figures, namely 1 and 5. 


Suppose the average distance between the earth and the moon is S = 377,000 km = 3-77x 10° km. 
Does the number have six significant figure ? No, this measurement is given to an accuracy of only three 


significant figures 3, 7, 7. The last three zeros merely indicate the correct location of the decimal 


point. Similarly 0:000234 cm contains only three significant figures. The zeros which merely locate a 
decimal point are not significant figures. 


Table 4.2 shows how to determine the number of significant figures in a numerical statement. 
Table 4.2 : Determination of the number of significant figures. 


0:000048 m 48x105 m 2 
3980000 m 398x106. m 3 
570 m 5770x109 m 3 
0302 m 302x107 m 3 
6800 kg 6:800x10? kg 4 
39400 g 394x10* g 3 
0071 g 71x10? g 2 


These examples, shows that we place the decimal point just after the first non-zero digit of the 
number and multiply it by suitable power of 10 so that the magnitude of the number does not change: 
The figures other than the powers of 10 occurring in the measured quantity are significant figures. 
In this representation the significant figures give the details of the number and the power of 10 indicates 
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the order of magnitide. Thus 378x10* m is a length of the order of magnitude 10° m i.e. 10 00 000 m. 
The location of the decimal point has nothing to do with the number of significant figures. 


The following rules for determining the number of significant figures have been set up : 

(i) All non-zero digits are significant. e.g., the number 1,46,73 certains five significant figures. 

(ii) All zero occuring between two non-zero digits are significant. 205-008 contains six significant 
figures. 


(iii) All zeros to the right of a decimal point and to the left of'a non-zero digit are not significant. 
e.g. 000768 contains three significant figures. The single zero placed to the left of the decimal poit is 
not significant. 1 à 

(iv) All zeros to the right of a decimal point are significant, if they are not followed by a non-zero 
digit. e.g., 70:00 contains four significant figures. 


(v) All zeros to the right of the last non-zero digit after the decimal point are significant. €.g., 
0:05700 contains four significant figures. 


(vi) All zeros to the right of the last non-zero digit are not significant. 3040 contains. Three significant 
figures and 1700 contains two significant figures, 

(vii) All zero to the right of the last non-zero digit are significant, if they comes from a measurement. 
Let the distance between two objects be 4070 m (measured to a nearest metre). Then 4070 m contains 
four significant figures. We can express the distance as 407000 cm or 4:070 Km. The significant figure 
still remains 4 (it does not depend on the way of expressing the measurement). The distance should be 
expressed as 4070x103 m or 4070x105 cm or 4:070 Kin. 

Ex. 4.8. : Write down the number of significant figures in the following : (i) 6528 N, (ii) 0023 cm, 
(iii) 60024 g/cc., (iv) 2530x107 m, (v) 007230 N m-?, (vi) 5300, (vii) 4:58x10, (viii) 92:000 m. 


Solution : (i) 6528 N has four significant figures. (ii) 0:023 m has two significant figures. 
(iii) 60024 g/c.c. has five significant figures. (iv) 2:530x107 m has four significant figures. (v) 0:07230 
Nm” has four significant figures. (vi) 5300 has two significant figures. (vii) 4:58x105 has three significant 
figures. (viii) 92-000 m has five significant figures. 


4.6. Significant figures in Calculations : 


The importance of significant figures lies in calculation. In an experiment usually a number of 
measurements are made. Confusion involving significant figures occurs whenever quantities having 
different significant figures have to be added, subtracted, multiplied or divided in a calculation. The 
number of significant figures in a sum or product of a group of numbers can not be greater than 
the number which has least number of significant figures. It means that least accurate quantity 
determines the accuracy of the sum or product. The result must be rounded off to the appropriate digit, 


* Rounding off a digit : To convert a digit into a significant digit of definite number we use the 
following rules for approximation : 

(a) If the digit lying after a definite digit is more than 5 then the digit prior to it is increased by 1. 
If it is less than 5 then the digit prior to it remains unchanged ; e.g. 1:49 = 1-5 and 1:43 = 14. 

(ii) If the digit to be rounded off is 5, then the digit prior to it increases by 1 if it is odd, but it 
remains the same if it is even ; e.g. 145 = 1-4, 175 = 18. 

To Note : While adding, subtracting, multiplying or dividing, the result obtained should be stated 


in the minimum number of significant figures, which any of the observations, has or upto the minimum 
number of decimal places which any of the observations has. 
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* Addition and subtraction : While adding or subtracting numbers of limited accurances, it is necessary 
to round off the answer at an appropriation place. For example, let us add 54:38 kg rice with 2:354 kg rice. 
5438 kg 
. +2354 kg 
75634 kg 
Here 8 in the first quantity (5438 kg) is somewhat uncertain and the next place to it is completely 
unknown. So, the 4 in the sum is meaningless. So the answer should be rounded to 5673 kg. 
Same ideas apply to subtraction. Let us consider a wire a length 275 cm from which 2232 cm is 
cut off. The length of the remaining wire is 
275 cm 
-2:232 cm 
25258 cm 
This result has to be rounded to one place of decimal because the original length of wire is known 
to be correct upto that place. Accordingly, the length of the remaining wire is 253 cm. Hence, 
The guiding principle for addition or subtraction of quantities of limited accuracies is that the final 
answer contains as many places relative to the decimal point as the least accurate number in the sum. 
Ex. 4.9. : What is the total length of a line where different segments measure 9:36 cm, 43 cm, 
2:89 cm and 8762 cm ? 
Solution : Since significant place is the tenth place, rounding off the individual values to the nearest 
hundredth (one place more), we have. 
(936 + 43 + 2:84 + 876) cm 7 2531 cm 
-. total length = 253 cm 


* Multiplication and division : The significant figure procedure for multiplication and division is 
some what different. 


The principle to be followed for all computations involving multiplication and division is thalt the 
factor with the lowest significant figures determines the number of significant figures in the answer. 

For example, consider the area of a rectangle of length 9:53 cm and breadth 2:312 cm. 

The area = 9:53 cm. x 2312 cm = 2203336 cm? 

Since the quantity with lowest significant figures is 9:53 cm with twice significant figures hence the 
area of the rectanble is 22:0 


7-124x2:6 
imi ——— — = 14032121 
Similarly, 13.2 
As 2:6 has least number of significant figures which is two. So, rounding of the result to two 
significant figures we get the answer 1:4. 


Ex. 4.10. : Round off to 3 significant figures : 
(i) 2098 metres (ii) 00003525 kg 


Solution : 2098 metres has 4 significant figures. The fourth significant figures is more than 5 


and hence on rounding off to three significant figures, the given measurement becomes = 209 + 0-1 
= 210m i 


(ii) 00003525 has four significant figures, the fourth significant figure is 5 and hence on rounding 
off to three significant figures the given measurement becomes 0:000352 kg or, 352x107* kg. 
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0:9996 x 3.52 
Ex. 4.11. : Solve the following with due regard to significant figures : 71358 ^ 


E = 2-00147 (by actual calculate) 

Now, 3:52 has least number of significant figures which is three. So, rounding off the result to three 
0-9995 x 3.52 
1-758 

Ex. 4.12. : The radius of the earth is 637x10* m and its mass is 5975x104 kg. Find the earth’s 
average density to appropriate significant figures. 
Solution: : Radius of the earth (R) = 637x106 m 


Solution : Here 


significant figures we have -2.00 


3 
*. If volume, V Sas (esae) m 


: 24 
^, Average density, D= MS PES UL cab 70-005517 x 10* kg/m? 


v $nx(6-37% 10°) 


< D = 552x103 kg m? [ to three significant figures] 

Ex. 4.13. : Two resisters R, and R, are connected in series. Individual resistance measurement 
using a wheatstone bridge give R, = 187 Q and R, = 3:624 Q. Calculate the actual resistance to the 
appropriate number of significant figures. 

Solution : R1 = 187 Q (three significant figures) 

R, = 3.624 Q (four significant figures) 
R= Ry + i 7 22:324 Q (five significant figures) 
-22:3.0 


Ex. 4.14; : In Eee voltage drop, a current of 318A is recorded in a resistance of 3568 Q. 
Calculate the voltage drop across the resistor to the appropriate number of significant fi igures. 


Solution : V = IR = (3:18) x (3568) = 1134624 V 
Since three significant figures are involved.in the multiplication, the answer can be written only to 
a maximum of three significant figures. i 

Hence drop across the resistor is V = 113 volts. 
Ex. 4.15 : (i) Add 826 + 5 to 628 + 3 

(ii) Subtract 437 + 4 from 462 + 4 
Solution : (i) Sum of the given ffigures : 

S = 826 + 5 + 628 + 3 = 1454 + 8 = 1454 + 0:55% 

(ii) (462 + 4) — (437 + 4) = 25 + 8 = 25 + 32% 

4.7. Order of accuracy : 


The order of accuracy of the measurement is determined by the least count of the measuring 
instrument used in the measurement inspite of the fact that systematic and random errors are 


minimum. 
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Let we determine the value of the physical quantity w by. measuring the quantities x, y and z whose 
from values are related to u by the equation 


WERE a eae oe pp MUN OE S eene (i) 


Let the small errors in the measurement of x, y and z be + A x, € A y and +Az and the 
corresponding error in u is + A u. The numerical value of A x, A y and A z are given by the least counts 
of the instruments used to measure them. 

Now, from (i) In u- à Inx+B In y+y In z 


-. Differentiating, EU. =a 25 + py +y Az pepe (i) 
u x y 


zZ 


^u ^n E 
Wn is called proportional error or relative error. Now, Ax, Ay and Az may be positive or negative. 
Since it is necessary to consider the worst case, we add up all the errors. So 


(=) E A ie (ii) 
DEPT x y z 


This equation gives the maximum proportional error in the result of u. When the proportional error 
is multiplied by 100, we get the pereentage error of the quantity. Hence the quantity having the hightest 
power should be measured with as great a precision as possible. 

Ex.'4.16. : To study the flow of liquid through a narrow tube, the following formula is used : 

4 


Nx BIV’ where the letters have usual meaning. 


The value of p, r, V and / are measured to be 760 cm of Hg, 028 cm, 12 c.c/s and 182 cm 
_ respectively. It these quantities are measured to the accuracies of 0:5 cm of Hg, 001 cm, 01 c.c./ 
sec. and 0:1 cm respectively. Find the percentage error in the value of 7. 


zpr’ 
81V 


Solution : Here n= 


us e100 = 100+ 42" x 100+ a 1004-2 100 
n p r 1 V 


“ «100+ e x 1004971. 100 
0.28 18.2 1-2 


=0-664+14-29+0-55+8-33= 23-83% 


1. What are fundamental physical quantities ? 
2. Name a quantity which can not be measured. 
3. Is ‘light year’ a unit of time ? 

4. What is the order of size of the galaxy ? 

5. What does RADAR mean ? 

6. What type of waves are used in SONAR ? 


<. 96 error in n=% «100+4x 


A. Short Answer type questions : 
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7. What does SONAR mean ? 

8. ‘What does LASAR mean ? 

9. The wave length of yellow light of sodium has a wave-length of 58 g nm. Express it in metre and A*. 
10. Define inertial mass and gravitations mass. Are they equal ? 

11. Is there any difference between accuracy and precision ? 


12. A screw gauge has a pitch of 1:0 mm and 200 division on the circular scale. Do you think it is possible 
to increase the accuracy of the gauge arbitrarily by increasing the number of divisions on the circular scale ? 


'13. Which of the following measurement is most accurate and why ? 
(i) 200 g (ii) 00002 g (iii) 20 g [Ans. 20:0 g] 
14. Define mean absolute error, relative error and percentage error. 
15. How many significant figures are there in 0:05210 = 10 m ? 
16. What are the systematic errors ? 
17. What are random etrors ? ` 


B. Essay type questions : 
1. What is a physical standard ? What characteristics should it have ? 
2. What we mean by fundamental and derived quantities ? Give examples. 
3. What are random and systematic errors ? Give two examples of each. How are they minimised ? ` 
4. Describe the: method of measuring long distance by reflection or echo method. 
5. Describe a method of measuring a small distance. 
6. How can you determine the significant figures ? Discuss with examples. 


C. Problems : 


1. A ship is equipped with a SONAR. The time interval between the generation of an ultrasonic probe wave 
and the reception of its echo after reflection from an enemy submarine is found to be 35:0 sec. Find the depth of 
the submarine, if the speed of sound in the sea water is 1450 ms". [Ans. 25:375 km] 


2. The nearest star in the solar system is at a distance of 4:29 light year away from us. (i) Estimate the distance 
in terms of par sec. (ii) How much parallax would the star show when viewed from two locations of the earth, six 
months apart, in its orbit around the sun ? [Ans. (i) 1-32 per sec. (ii) 1-51 seconds of Arc] 

(Given,.l light year = 9:467x10!5 m ; 1 par sec = 3:084x10!6 m) 

3. The parallax of a heavenly body measured from two points diametrically opposite on equator of earth is 1.0 
minute. If the radius of the earth be 6400 km, find the distance of the heavenly body from the centre of the earth 
in AU. Take 1 AU = 1:5x10!! m. [Ans. 0293 AU] 

4. A heavenly body viewed from two points diametrically opposite on the earth's equator, shows a parallax 
of 30 second of arc. Find the distance of the heavenly body from the centre of thg earth. Given radius of the earth 
= 6400 km and 1 AU = 1:496x10!! m. [Ans. 0:588 AU] 

5. The radius of a nucleus depends on the mass number A. The radius r of the nucleus is related to its mass 
number A by the following approximate relation r = r A3 when ro is a constant whose value is 1:2 fermi (1 fermi 


= 10715 m). Show that nuclear density is roughly same for all nuclei. Given F a.m.u. = 1-66x10-27 kg. Calculate 
the value of density of the nucleus. [Ans. p = 2:3x10!7 kg m] 
6. A bee of mass 0-000087 kg sits on a flower of mass 0:0123 kg. Find the total mass supported by the stem 
of the flower to appropriate significant figures. [Ans. 0:0124 kg] 
7. Subtract 5:468 m from 10-6 m and write the result to appropriate significant figures. [Ans. 5:1 m] 
8. The length of a rectangular field in 10:52 m and its width is only 0041 m. Find the area upto appropriate 
significant figures. [Ans. 0:43 m2] 


9. A man runs 10055 m in 10:3 sec. Find the average speed in appropriate significant figures. [Ans. 9.71 ms~!] 
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10. Mankind has existed for about 106 years, whereas the universe is about 10! yrs old. If the age of the 
universe is taken to be one day, for how many seconds has the mankind existed ? [Ans. 8:64 sec.] 
11. The nearest star to our solar system is 4:29 light year away. How much is this distance in terms of Par sec ? 
How much parallax would this star. Show, when viewed from two locations of the earth six months apart in its orbit 

around the sun. Given I per sec = 3:08x1016 m and the distance between two locations = 2AU = 2x1-496x10!! m. 
: [Ans. 1:323 par sec ; 1:514 second of an arc] 
12. Subtract with due regard to significant figures 3-9x10° — 25x 104 [Ans. 3-7x105] 

3,2 
13. A physical quantity is given by pee. The percentage error in the measurements in a, b, c and d are 
ci è 
1%, 3%, 4% and 2% respectively. Find the percentage error in P. [Ans. 1394] 
14. A student takes the following ten readings for the focal length of a convex lens : 1620, 15:90, 15:98, 16:01, 
16:03, 15:90, 15:93, 16:30, 1625 and 1600 cm. Calculate (i) average error and (ii) standard deviation. 

[Ans. 012 cm, (ii) 0-15 cm] 
15. The resistence of a wire as smeasured by a P.O. box is (2:07 + 0:01) Q, the diameter of the wire measured 
by a screw gauge is d = (0:57 + 0:01) mm and thé length of the wire measured by a metre scale is (105-6 + 0:1) 


cm. Find the resistivity of wire with errors, [Ans. p = (5:0 + 0:2) x 10-7 Q-m] 
16. The mass of a body is (100 + 2%) kg and the volume of the body is (10 + 3%) m3. What is the percentage 
error in density and (ii) absolute error in density ? [Ans. (i) + 5%, (ii) + 0-5 ke/m3] 
17. The measures of the length and breadth of a rectangle are (30 + 3%) m and (10:0 + 0:5%) m. Calculate 
the percentage error in the perimeter of the rectangle. [Ans. 2:496] 
18.- a simple pendulum length / = (100-0 + 0:5) cm and time period T = (2.00 + 0-01) sec. What is the 
percentage error in the measurement of acceleration due to gravity (g) ? [Ans. + 1:594] 
19. The radius of a wire as measured by a screw gauge having least cannot 0:01 mm is (033 + 0:01) mm. Find 
the percentage error in radius and in area of cross section. [Ans. 296 ; 494] 
20. Two resistances R; = (50+ 1) ohm and R, = (100 + 3) ohm are connected in series. Assuming the errors 
to be limiting errors, find the equivalent. resistance with errors, [Ans. (150 + 4) ohm] 
21. The initial and final temperature of water in a vessel are Observed as (15 + 05)*C and (40 + 0:2)?C. What 
is the rise of temperature ? láns. (25 + 0:7)'C] 
22. The lengths and breadth of a rectanguler fixed are 25:2 cm and 168 cm and have been measured to an 
accuracy of 0:1 cm. Find the Percentage error in the area of the fixed ? [Ans. 1:094] 
23. How many significant figures are there in 005210 m ? [Ans. 4] 
24. In finding the radius of a sphere, error of 1-2% is committed. What per centage error is introduced in the 
measurement of volume ? [Ans. 3:696] 


25. A student makes measurements of the diameter of a wire with the help of screw gauge and he gets the 
following readings : 0:38, 0:40, 0:39, 037, 0-41, 0-40, 038, 0:39, 0:40, 041 mm. Calculate the 
(i) average error and (ii) standard deviations of these measurements. [Ans. (i) 0-011 mm, (ii) 0:013 mm] 


26. the measurement of the resistance of resister gave 1012 Q, 101-7 Q, 101:3 Q, 101-0 Q, 101:5 Q, 10130, 
1012 Q, 1014 Q, 101:3 Q and 101-1 Q. Assume that only randam errors are present ; Calculate (i) the arithmetic 


mean and (ii) the standard deviation of the resistence, [Ans. (i) 1013 Q, (ii) 02 QJ 
27. The current passing through a resistor of (100 + 0:2) Q is (2:00 + 0:1) A. Using the relationship P = PR, 
calculate the limiting error in computed value of power dissipated. [Ans. 1:296] 


28. The length, breadth and thickness of a sheet are 4234 m, 1-005 m and 2:01 cm respectively. Give the 
volume of the sheet to the correct significant figures. 1 [Ans. 0:09 m?] 
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REST AND MOTION 


TOPICS : Concept of point mass ; rest and motion ; reference frame ; Kind of 
motion ; Displacement, velocity, acceleration ; Kinemetical equations, Examples. 


5.1. Introduction : 


Everything in the world is in motion, from the tiniest particles within atoms to the largest galaxies 
of stars. The subject of motion was studied Systematically first by Galileo Galilei and then by Sir Issac 
Newton. The study of motion forms the subject mechanics. 

Statics and dynamics are two main branches of machanics. Whereas staties is the study of the objects 
at rest, dynamics is the study of objects in motion. Àn object may be at rest or may be in uniform motion 
even when a number of forces act on it. These forces are said to be in equilibrium. Thus, statics is the 
study of motion of an object under the effect of forces in equilibrium. 

The study of motion of object is divided into two heads : (i) Kinematics (ii) Kinetics. 


Kinematics : In Kinematics we learn how to describe the motion of objects without worrying about 
the causes of motion. 


Kinetics : In Kinetics we study the motion of the objects by taking into account the causes of their 
change of state (rest or of uniform motion). i 


The aspects of motion of an object can be understood and described in terms of two basic physical 
quantities length and time and two derived physical quantities velocity and acceleration. 


5.2. The concept of point object : 


Before discussing how the motion of an object be described, we make a very important assumption. 
We shall assume that the object is so small that it can be treated as a particle or a point object for which 
internal structure or rotational motion need not be taken into account. Actually for the study of motion 
of an object, its dimension is of little importance. Because if the distance travelled by an object in much 
larger than its size then to a good approximation, we can neglect the size of the object and treat it as a 
point object. For example, a cricket ball may be regarded as a point object for discribing its motion in 
a cricket field. Also, a bus may be taken as a point object for describing its motion over a distance of 
few kilometres. Even the earth and the sun may be treated as point objects for describing the motion of 
the earth round the sun. í 


In mechanics, a particle is a geometrical mass point or a material body of negligible dimensions. A 
particle has a definite position, but no definite dimension. 

5.3. Rest and Motion : 

In our every day life we see various objects of which some are in motion and some others are at 
rest. A running car is a moving object while trees, houses on the road sides are stationary objects. 

An object is said to be at rest if it does not change its position with respect to its surroundings 
with the passage of time. 

On the other hand, if a body changes its position with respect to its surroundings with the passage 
of time, it is said to be in motion. 
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* Rest and Motion are relative terms. The objects which we see around us to be at rest are not truly 
at rest. The reason is : earth itself is not stationary. 


The earth is moving round the sun with a tremendous speed and also rotates about its own axis. So 
if we observe the earth from outside we find that all objects (stationary relative to the earth) are not at 
rest but in moving, with high speed. So, due to motion of the earth itself, objects stationary relative to 
the earth are actually in motion. So absolute-rest or absolute motion is unknown. In the universe all 
bodies, big or small, are in motion. Absolute rest is obviously impossible. A body at rest with respect 
to one body may be in motion with rest to other body. For example, a running train is in motion with 
respect to the earth ; but the passengers and the train are stationarhy with respect to one another and to 
a person standing on the road, the train with the passengers are running with the speed of the train. So 
rest or motion of body is relative. à 


5.4. Reference Frame : 


To specify the position of a body we require a second body. Whether a body is at rest or in motion 
we ascertain it by comparing with a second body. For the description of position and motion of a body 
we require a reference body with respect to which motion is specified. In general, to discuss the state 
of rest or of motion of different terrestrial bodies, earth is taken as reference body. The same event 
appears to be different with respect different reference bodies. For example, a ball dropped from a 
moving train appears to fall vertically to a passenger inside the train. But it appears to follow a parabolic 
path to a person standing on the road by the side of the moving train. 


To locate the position of a body relative to the reference body, we usually consider a system 
of co-ordinates fixed on the reference body. This system of co-ordinates is known as the reference 
frame. The simplest frame of reference is the familiar cartesian system of co-ordinates in which the 


position of the particle is specified by its three co-ordinates x, y and z along the three mutually perpendicular 
axes. 


* How to locate the position of a particle ? 


To fix the position of particle we have to mention the distance and direction from a fixed point. For 
example, we say that the school is 1 km from the station and situated south of it. So, to specify an object 
we take the help of a fixed point and a particular direction. Hence to locate an object we require both 
direction and distance. Mentioning of only direction or only distance is not sufficient to pinpoint the 
position of an object. : 

Now, we discuss how to locate an object in different cases : 


(i) Suppose a particle is moving along a straight line. 
Let at any instant the particle is situated at P on the straight 
line. Its distance is measured from a fixed point (O) called the ~ 
origin and OP is along the positive x-axis [Fig. 5.1]. Evidently 
5 the moving particle is at a distance x from the origin along the 
Fig. 5.1 X-axis. It is a case of one ; 
dimentional motion and 
the x-axis is one dimensional reference frame. 
(ii) When a particle moves along curved path or execute zig 
Zag motion, the motion is two dimensional or in a plane. For 
locating a point in a plane, we usually use two dimensional cartesian 
co-ordinates system which consists of two mutually perpendicular 
axes OX and OY with O as the origin. [Fig. 5.2] The position of 
any point P on the plane is specified by the distance of the point 
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from Y-axis and the X-axis. If x be the distance of the particle P from OY axis and y be its distance from 
OX axis, the position of P in XOY plane is fixed by the coordinates (xy). 


(iii) When a particle moves in space, to locate its position 
we consider three dimensional cartesian co-ordinate system 
which consists of three mutually perpendicular planes XOY, 
YOZ and ZOX with O as origin [Fig. 5.3]. The perpendicular 
distances of the particle from the three planels locate the particle 
in space. 

The lines of intersction of the three ploanes are the co- 
ordinates axes OX, OY and OZ. The point of intersction of the 
axes is the origin O. The distance of the point P from XOY, 
YOZ and ZOX planes are respectively z, y and x respectively. 
So, the co-ordinates of P are (x, y, z) and the position of the 
particle is specified by these co-ordinates. } Fig. 5.3 


Z 


(iv) Polar reference frame : In addition to the rectangular 
cartesian co-ordinate system, another popular reference frame is 
polar co-ordinate system. In two dimensional space, polar co- 
ordinate of a particle P is (r, 9) [Fig. 5.4]. The distance of the point 
P is r which is called radius vector and 6 is the angle which the 
radius vector makes with X-axis. 

The cartesian co-ordinates of P is (x, y). 


Eviderttly x = r cos 0, y = r sin 0. 


4 | "NEED -I| Y 1 
“r =x" +y“ and 0 = tan (3. These two expressions 


give the corelation between polar and cartesian co-ordinate systems. 


Fig. 5.4 


5.5. Kinds of Motion : 
Motion of a particle may be mainly of twe types — (i) Translational and (ii) Rotational. 
The traslational motion may again be of twe kinds — (a) Rectilinear and (b) Curvilinear. 


(i) Translational Motion : A body is said to be in translational motion if all the particles of the body 
move with same velocity and their paths are parallel. 


(a) Rectilinear Motion : When the translation motion takes place along a straight line, it is said to 
be rectilinear. 


eges mia 
M, 
Q Q 
Fig. 5.6 


Fig. 5.5 


In fig. 5.5 the motion of the body is rectilinear. In the figure two particles m, and m, from the initial 
position A go to the position B after some time. The motion is indicated by arrow. The particles m, m, 
move along parallel paths with same valocity in the same direction. So, the motion of the body is 
translatory and rectilinear in nature. 
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Example : The motion of a freely falling body. 

(b) Curvilinear Motion : When the translational motion takes place along a curved path it is called 
curvilinear motion [Fig. 5.6]. In this kind of motion, any particle of the body move along a curve. 

Example : Motion of two points on the same radius of a rotating wheel. d 


(ii) Rotational Motion : When a body revolves about a fixed point or axis, it is said to be in 
rotational motion. As the body rotates the line joining 
any two particles of the body makes continulusly 
changing angle with its initial direction. 

Example : The motion of the blades of a whirling 
electric fan, motion of fly: wheel or motion of a 
rapidly spinning top [Fig. 5.7]. 

There may be complex motion arising out of the 
combination of the translational and rotational motion. 

Example : Motion of a Spinning cricket ball, 
motion of spinning earth round the sun. 

5.6. Definitions of some terms in connection with translational motion : 
. 5.6.1. Displacement : 


' Axis 


Fig. 5.7 


The displacement of a moving particle in a given time interval is defined as the change of position 


in a particular direction and is measured by the linear distance between the initial and final position of 
the particle. 


‘Evidently displacement is a vector having both magnitude and direction. 


In fig. 5.8, O is the initial position of the particle. The particle moves from O to B following three 
paths I, II and III. à 


In all the case the displacement is s — OB, although the actual distance travelled along three paths 
are different. 


[9] Xo SSA 


Fig. 5.8 


Fig. 5.9 
Again let a stone is projected upwards at an an 

a parabolic path and ultimately reach the ground ag 

ground is OA and vertical displacedment is zero. 


gle © with the horizontal. The stone will travel along 
ain [Fig. 5.9]. The horizontal displacement along the 
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<. Magnitude of displacement vector of the particle, r = 4x «y? and its angle of inclination with 


x-axis is 6 = tan (2 à V 
* Unit of displacement : In c.g.s. system unit of displacement is 
cm and in SI system it is m (metre). 
* Dimension of displacement : [L]. 
It is to be noted that distance travelled and displacement are not 
always equal. In fig. 5.10, distance travelled is OAP and the (0) 
displacement is the linear distance OP. Fig. 5.10 


Example 5.1. : A man travels from one place to another along a semi circular path of radius 
50 m. Calculate (i) distance travelled and (ii) displacement of the person. 

Solution : (i) distance travelled, D — length of the semi circular path. So, 

D = 5 x radius of the path = 50 x m = 157-1 m 

(ii) Displacement of the man = Diameter of the path = 100 m. 

5.6.2. Speed : 

The speed of a moving particle is the rate of change of position with time. So speed is the distance 
travelled in 1 sec. 

If the particle travels a distance x (straight or curved) in time z then its, speed is 


ku distance travelled _ x 


time interval fus 3 

Speed is a scalar quantity as it has only magnitude and no direction. Its unit is cm/s in cgs and ms" in 
SI system. Its dimension [LT-'] > 

* Speed of a moving particle may be uniform or non-uniform. If the particle describes equal distance 
in a given time then the speed is uniform. In this case, if the 
c particle moves by a distance x in time / then it will travel 2x 
in time 2/. On the other hand if the particle ina given time 
interval describes different distance then the speed is non- 
uniform. If the speed is non-uniform we define a new quantity 
called average speed. Let the particle starts from O, travels 
distance s, in time /, distance s, in time t, and distance s, in 


o Fig. 5.11 time 1, to reach the point C [Fig. 5.11]. Evidently speed of the 
- Sp +5. +53 : 
particle is non-uniform or variable and average speed is Ya ne y Gen, n’ 


* Instantaneous speed : When the speed of the particle is variable, we sometimes require to know 
the speed of the particle at a certain instant of time or at a particular point of its path. It is called 
instantaneous speed. : 

We may calculate this speed in the following way : 

Let the particle travels a distance BC = As in the time interval / S 
and ¢ + At, BC includes the point A at which instantaneous speed is h 
required. The average speed during this small time interval of Ar is [s] 

As 
AG Fig. 5.12 


Va = 
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As the interval of time is decreased gradually, distance travelled also decreases gradually and the 
points B and C approach A. As Ar approaches zero, the value of As also becomes infinitesimlly small. 
Now the average speed becomes instantaneous speed of the particle at A. Hence instantaneous speed 


at a point is defined as the limit of the average speed over a distance which tends to zero but always 
includes the point. | 


Lt As 


-. Instantaneous speed, v = — 
P At — 0 At 


ds 
In the notation of calculus, -v = i 


When we say speed of the particle we mean instantaneous speed, Evidently, in the case of uniform 
motion, average speed is eqal to instantaneous speed. 


Example 5.2. : A car travels a distance of 30 km with a speed of 40 km/hr and next 24 km with 
a speed of 60 km/hr. Calculate average speed of the car. 


$ s. 
Solution : Average speed of the car, v, = S172 


DET 
i .30 3 224) 2 
Here s, = 30 km, s, 7 24 km, 4 EET hr and 4 pir UE hr 
+s 30424 
"ftl 3,2 
45 
SP Sarna phe 
23 


5.6.3. Velocity : 


In order to describe the motion of a m 
description the speed as well as direction o. 
get velocity. So, 


oving particle with more details, we should include in our 
f motion. When direction of motion is given with speed we 


Velocity is a vector quantity and is defined as the rate of chan 


ge displacement. Or, velocity is 
the rate of change position in a particle direction. 


displacement eS 
time t 


So, velocity V= 


As velocity is a vector quantity it has both magnitude and direction. 


* Unit : Unit of velocity in C.g.8. Sysem is cm 5^ and SI system ms". Its dimension [LT] 


The velocity of a body may be uniform or variable. The velocity is uniform or constant if its 
magnitude and direction remain the same for all time. On the other hand, velocity is variable if its 
‘magnitude’ or ‘direction’ or ‘both the magnitude and direction’ change with time. 


* Uniform velocity : If the particle moving in a particular direction along a straight line covers 


equal distance in equal time interval, then the velocity of the particle is uniform. 
In this case the particle travels with constant speed in a fixed direction. 


e Velocity-time (V-7) graph : To show the variation of velocity with time we plot time (7) along 
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x-axis and velocity (V) along Y-axis. In the case of uniform velocity, the graph is a straight line parallel * 
to t-axis as velocity does not change with time [Fig. 5.13(a)]. 


M 
if 


Velocity (ms') 


o j T o 1 i (in sec) 
Fig. 5.13(a) Fig. 5.13(b) 


The velocity-time graph may be used to calculate its displacement of the particle in a given time 
interval geometrically. In fig. 5.13(b), A and B are two points on the (V—/) graph at times ¢ and /". 

4 AA' = BB’= V [ - velocity is constant] and A'B’ = /'— t. 

Hence the area under V — ¢ graph between / and /' ? area AA' BP = AA' x A'B' = V (t'— f) 

= s' — s [by equation 5.1] = displacement in the time interval (/' — f) ~. s'— s = area AA'B'B 

-. Displacement of a moving particle in time interval (/' — f) is numerically equal to the area under 
velocity-time graph between the instants ¢ and /'. 

5.7. Displacement-time graph (uniform velocity) : 

We know that the displacement of the particle moving with 
uniform velocity in time ¢ is given by 

S - Vt So, Sat[- V is constantj 

It follows that the displacement-time graph for a particle in uniform 
motion along a straight path is a straight line inclined to time axis. 


The slope of the (s — /) graph .Se-.A-A. i. velocity 


Fig. 5.14 — ¢ 
Here the velocity in uniform motion is equal to the slope of displacement-time graph. 


5.8. Variable velocity : 

If the particle moves in such away that the magnitude or direction of velocity changes with time, 
then the particle is said to be movirig with variable velocity. 

In fig. 5.15 we show S-t graph for a particle. Q 
moving with variable velocity. In fig. 5.15(i) we 
see that the particle moves with a constant speed 
in region OP and again moves with constant speed 
in region PQ ; but speed in the region PQ is greater P 
than the speed in the region OP. 

The slope of the S-t graph in fig. 5.15(ii) 
changes continuously. So the speed of the particle , 
also changes continuously. (i) och (ii) 

5.8.1. Average velocity : D ABER 

When a particle moves with variable velocity, the average velocity of the particle is obtained by 
dividing the displacement in a given time interval by the time interval. 


uU 
>v 


o >t >t 


À Displacement S 
-. Average velocity, V, Eti E 
time interval. £ 
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In fig. 5.16 we see that the particle passes from O to P following the curve OABP. Evidently the 
E > 
displacement of the particle is. S = op 


£i 
<. Average velocity V, TOP 

t 
verage velocity over a time interval by 
is shown in fig. 5.17, 
P 


the displacement is As. So, its average velo 


If a particle has velocity v, 


city is V, =— = — 
v Ma AG | 
for a time interval 1, and velocity v, for another time interval t, then 
3 pude total distance — it, tvb 
average velocity is. V, = — SET fO: 
total time fit 
5.8.2. Instantaneous velocity : 


ACC 
As At is decreased, the m 
decreases. As At > 0 


instantaneous velocity. 


agnitude of the displacement vector also 
» in the limit average velocity becomes 


> > 
> Lt 
«<. Instantaneous velocity, V = Ah dr za 1 
ACA dt dt 
Now, we discuss a method of calculating the instantaneous velocity when a particle moves along 
a curve as the fig. 5.18. From the initial position O, the displacement of the Particle at the position A l 
> > > 
is OA =s; and displacement at the position is OB-s. 
- So, the change in displacement as the Particle moves from A to B Is given by the vector Ay = AB 
A > E - 
4 ds =OB-OA [by triangle law] Ree bes 
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If tHe particle takes time At to move from A to B then the average velocity over the interval is 
> > > 


S-S; _ As 

ERNS CAT 
E A 
Instant locity is V. By calcul ion, v= Ë 
nstantaneous veloci IS = cg Ee calculus notation, V =— 
y At — 0 At y di 


Evidently, instantaneous velocity of the particle moving along a curve at any point is a tangent to 
the path at the point. 

5.9. Distinction between speed and velocity : 

1. Speed is the distance travelled per unit time and velocity in the displacement per unit time. 

2. Speed is a scalar quantity while velocity is a vector. 

3. Speed is the magnitude of velocity. 

4. Average speed of a particle can not be zero, but average velocity of a moving particle can be zero. 


Example 5.3. : A car travels 30 km due east with a velocity of 50 km/hr and then travels 40 km 
due north with velocity of 30 km/hr. Calculate average speed and velocity of the car. 


Solution : The situation is shown in fig. 5.19. 
The displacement of the particle towards east is OA = 30 km and 


w 


E . displacement towards north is AB = 40 km. 
x 
E Time taken to travel OA is ¢ 239,3, 
M Zu 50.5 
d time: taken to travel the distance AB is f= = chr 
and time taken to travel the distance is 22> ar 
e 30 Km & 50 3 
Fig. 5.19 


OA*AB 30440 70x15 
hth Rees 29 
3152 


*. Average speed, v, = v, = 362 km/hr. 


2 2 
Also, average velocity, v, = ES = aw = 25.86 km/hr 
eh T 
15 


The direction of velocity is given by tan 0 — 3 North of east. 


Ex. 5.4. : A particle travels for 1 min. with a constant velocity of 15 m/s and then moves with 
a velocity of 10 m/s for 0:5 min. Calculate average speed of the particle. 


Solution : The required relation is v, = atu, where v,=15 m/s, 1,760 sec., v,- 10 m/s, t,=30 sec. 
pets 
ais 15x 60+10x30 _ 13-33 ms! 
60+30 


*. The average speed of the particle = 13:33 ms 

* Uniform Circular Motion : Let a particle moves along a circular path in such a way that it 
describes equal arc-length in equal time. So, the speed of the particle is uniform. But the velocity of the 
particle is not uniform as the direction of velocity changes continuously. In fig. 5.20, the particle is 
moving with constant speed. The velocity of the particle at any instant is along the tangent to the circle. 


Let V, and V, be the velocities at T and Q respectively. But ME KA 
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Now, velocity may change with the change of magnitude or direction or due to the change of both 
megnitude and direction. 


P d So, uniform circular motion in an example of constant speed 
ui but variable velocity motion. 
5.10. Acceleration : 
Q 


In most of the cases, particles do not move with constant 
velocity. When the velocity changes with time, the particle is said to 
= be accelerating. As the velocity is a vector quantity, the change in 
V2 velocity may be due to change in magnitude or change in direction or 
both. The acceleration is the measure of how fast the velocity is 


Fig. 5.20 
changing. So, 


Acceleration of a moving body is defined as the rate of change velocity with time. 


> > 
„n * __ change in veloci NM 
So, the acceleration, a — B : EA uu 
time `` t 


+ E 
Here V, is the initial velocity and V, is the velocity after a time ż. As velocity is a vector, 
acceleration is also a vector. 


Unit : In c.g.s. system its unit is cms? and in SI system is ms?. 

Dimension : Acceleration has the dimension [LT?] 

Like velocity acceleration may be constant or variable, 

* Uniform acceleration : Acceleration of a particle is said to be-uniform when the rate of change 
of velocity is constant i.e. velocity changes by equal amount in equal time interval. 


Example : Acceleration of a freely falling body near the surface of the earth is equal to acceleration 
due to gravity. 


Let the particle moves along the PQR. At the point A, the V, R 
A 
> > 
velocity is V, at time f, and at the point B, the velocity is V, P Q B > 
at time 4, 0) ME 


486, the change of velocity during the time interval (65-4) 
is 2 
is V, — V, [Fig. 5.21(i)]. 
Then the average acceleration during the time interval is 


The difference of two velocities V, — V, is obtained by 
triangle method of finding vector difference [Fig. 5.21 (ii)]. 

If the time interval A be ve 
small. As time Ar approaches zero. 


ry small, the corresponding change of velocity AV will also be very 
, the average acceleration becomes equal to instantaneous acceleration. 
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: peg Lt AV dV 2 (4) d's 
Hence instantaneous acceleration is a= —-—ona-—|—|-—; 
A0 At dt didt) dt? 

Henceforth, acceleration will always mean instantaneous acceleration. 

N.B. When a particle moves along a curve, velocity is tangential to the path and acceleration vector 
acts at an angle to the path. So we can resolve acceleration vector into two components — one along the path 
and the other perpendicular to it. The component of acceleration along the path produces change of 
magnitude of velocity of the particle, while the normal component of acceleration changes its direction. 

© Negative acceleration : When a moving particle moves with decreasing velocity due to a force 
acting opposite to its motion, the particle is said to possess retardation or negative acceleration. 


Example 5.5. : A particle is moving along a curve, At any jnstant its velocity is 5 ms! due 
south. After 20 sec. its velocity becomes 8 ms:! due east. Calculate average acceleration during this 
time interval. 


Solution : Consider the fig. 5.22. In fig. OA - V is the initial 
velocity and OB- V, is the final velocity. The vectors are drawn 


from the origin. So, oc = 2 r 


The diagonal oD gives the vector difference V,- V, 


> > 
2| V;- V, | OD - 5? +8? = /89 ms 
Fig. 5.22 minhs 
V2-Vi | 
~. Average acceleration of the car, a 2 —— — — = E = 3:8. 20-47 ms? 
t 20 20 
3 a > A 

and for direction of acceleration, tan 0 = A 402 325; 


=. Acceleration of the particle is 047 ms~ directed 32° north of east. 


5.11. Momentum : 

It is an important physical quantity connected with motion of a body. It represents the quantity 
of motion possessed by a moving body and is measured by product of mass and-velocity of the 
body. 

So, momentum, P = mv [ m = mass and v = velocity]. Since velocity v is a vector quantity P is also 
a vector quantity 


EE 
SP-my 


For the same velocity, momentum is greater for heavier body. Between a truck and a car moving 
with same velocity, momentum of the truck is much greater than that of the car. 


Unit : In c.g.s. system unit.of momentum is g cm s"! and in SI its unit is Kg ms". 

Dimension : It dimension is [MLT-!] 

5.12. Velocity-time graphs for non-uniform motion : 

In velocity-time (V—/) graph, time (/) is plotted along X-axis and velocity (V) along Y-axis. The 
(V-t) graphs are shown next page : 
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O (Velocity) 


—(Time) ¢ slope larger is the acceleration. Also area under the graph gives the 
) Fig. 5.23 displacement if the particle. 
(ii) When the particle moves with variable acceleration : 

In this case a > 0 and is not constant. Velocity-time graph for non- 

uniform acceleration is shown in fig. 5.24. As the slope of the 

graph changes from time-to-time, the acceleration is not constant. 

Here also area under the graph will give the distance travelled. 
> , 


— (Velocity) 


(0) Fig. 5.24 —(Time) 


£ D 2 (iii) When acceleration is gradually 
£ 3 C increasing : Velocity-time graph (AD) of the 
- > particle is shown in fig. 5.25. Evidently the slope 
f t of the curve is gradually increasing, 

ee Fee decreasing (iv) When acceleration is gradually 
A mercasing B decreasing : Velocity-time graph (BC) for the 
iS Time oo Time Particle moving with gradually decreasing 


acceleration is shown in fig. 5.26, Here the slope 
Fig. 5.25 Fig. 5.26 of the graph is gradually decreasing. 

(v) When particle moves with constant retardation : In this case a < 0 and constant. If the speed 

of the body decreases uniformly, the motion is said to be uniformly retarded motion. The velocity-time 
‘graph for uniformly retarded motion is a Straight line inclined to the time axis [Fig. 5.27]. 


a<0 


ES E È 
E (Constant) E ü 
> S 2 
t t t 
o à "75 : : 
> Time > Time [9] > Time 
Fig. 5.27 Fig. 5.28(i) Fig. 528(ii) 


(vi) When the particle moves with non-uniform or variable retardation : The velocity-time 
graph will be curvilinear. In fig, 5.28(i) V-; graph for gradually increasing retardation and in fig. 5.28(ii), 
V-t graph per gradually decreasing retardation is shown. 

^ Ex. 56 : The velocity-time graph for a ; Velocity | 2 
particle moving along a Straight line is shown rns aul 
in fig. 5.29, Calculate (i) distance travelled in i 
6 sec. (ii) displacement of the particle is 6 sec. 

Solution : (i) The distance travelled by the 22 


particle is equal to the area between the. graph 
and time axis, 


—fTime (Sec) 
Fig. 5.29 
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So, the distance travelled in 6 sec. is 
S = area A + area B + area C + area D -laaenrepaeneyixzotm 


(ii) Displacement of the particle in 6 sec. 

S, = area A + area B + area C ~ area D=2+4+ 1-1 = 6m 

5.13. Formulae for uniformly accelerated rectilinear motion : 

In the case of uniformly accelerated motion, the particle moves along a straight line with constant 
acceleration. In such a motion, the displacement, velocity and acceleration of the body have the same 
direction. So, it is the speed of the body that changes with time and not direction. Hence for the time 
being we can forget the vector nature of there quantities and deal only with their magnitudes. So we have 
the following simple analysis for uniformly accelerated motion : 


STARTING FINISHING _ 
POINT POINT 
ennL N a 
TIME o t 
POSITION ` o s 
VELOCITY u 4 


Let the particle starts its motion along x-axis with an initial velocty ‘u’ and a constant acceleration 
*g' acts on it and at the end of time interval ¢, instantaneous velocity of the particle is v and distance 
covered by it is s. Then it can be shown that the motion of the particle will satisfy the following 
kinematical equations : : 

(üv-u-*at; 

1 - 
(ii) S = ut + 54; 
(iii) v? = 1? + 2as. 

These equations can be obtained either by graphical method or calculus method. 

€ A. Graphical Method : 

We consider two rectangular axes OX and OY (two dimensional Cartesian co-ordinate system). We 
plot time ¢ along X-axis and velocity v of the particle along Y-axis as in fig. 5.30. Initial velocity 
OA = u and the velocity after a time t is DB = v. The straight line AB is the v-f graph representing the 
variation of velocity with time. The slope of the graph gives the constant acceleration of the particle. 

PEETER d BC BD-CD v-u 
2 eleration, 49 —7—.— = 
B i AGT EAC i 
T DUCERE ACE SC DOE aes east alan a (5.2) 
lat This is the first equation for uniformly acceleration motion. 
I! By this equation we can calculate the velocity of a particle at any 
Ic time moving with constant acceleration. 
D To establish the second equation of uniformly accelerated 
— Time, í motion, we consider three points P, Q and B on the straight line AB. 
Fig. 5.30 We draw three perpendiculars PF, QE and BD on the time axis. 
At time OF after the motion starts, the velocity of the particle is PF. Similarly, after the times OE 


and OD the velocities of the particle are QE and BD respectively. When F and E are very close, during 
the small time interval FE, the distance travelled by the particle is slightly more than (PF x FE), but 


> — Velocity 


o 
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slightly less than (QE x FE). If the time interval FE is negligible, the difference between the two distances 
can be neglected. Both of these areas may be taken to be equal to the area of the trapezium PQEF. 


We can divide the time interval OD into a large number of small intervals. Thus we can show that 


during the time ¢= OD, the distance travelled by the particle in time ¢ moving with uniform acceleration 
to be equal to the area of the trapezium OABD. So, the distance is given by 


S = area of the trapezium OABD 
= area of the rectangle OACD + area of the triangle ACB 


l 1 
7 OA x OD + PAC WED = uti x tx at 


This is the second equation of uniformly accelerated motion. 
Now, we eliminate t from equation 5.3 by the help of equation 5.2 


v-u) 1 (v-uY 
E s=u(2) + tof ) 
a 2 a 


; 2as - 2u(v -u)« (v- uj. =v -u 


ie AHH gv ig a Ro es dal: "op i MMMM? on (5.4) 


* B. Calculus Method : 
dy 
(i) First equation : From the difinition of acceleration zo or, dv = adt 


. Integrating, fav = faat ^v2at*C,[C, = Constant] 


Now, at t=0,v=u ~. C-u .v-sattywy v=uųu+at 


z 3 ds 
(ii) Second equation : We know that instantaneous velocity is given by v TOM 


7. ds = vdt = (u  at)dt 
Integrating, fas = je *at)dt ©. s- ut Sar * Ci[C; = Constant] 


1 
Att20, 5-0. C70. s=ut+ PLA 


" ; Me dv dv ; 
(iii) Third equation : Again the difinition of acceleration a = di. PT = ee v dv=ads 
ls 
^ 2 
On integration, lj vdv= fa ds x. = =as+C,[C; = Constant] 
gm 2 
Att70,v- y. ~. c= — “> = as+— or, v? =w 42ag 
2 2 2 


* C. Distance travelled by a particle in any particular second of its motion. 


The distance travelled by a particle at any particular second can be obtained by the equation. (5.3) 
The distance travelled in £ th sec. is 


S, = distance travelled in ¢ seconds — the distance travelled in (1) seconds 
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1 1 
=ut+>at? -| ue) a(e-1) | sustat eee -asda| 
nS u+5a(2-1) 


Example 5.7. : A particle moving along a straight line with uniform acceleration travels 41 cm 
and 49 cm in 6th and 10th second of its motion. How much distance the particle will travel in 
15 sec? [H.S. 1996] 


1 
Solution : The required relation is S, = u*-ya(2t-1) 


1 n 
41e wt za(2x6-l)eus a and 49=u+taQx10-)=u+ a 
From there two equations, a = 2cm s? and u = 30cm s! 
So, the distance travelled in 15 sec. is S- ure sar" -30x exa x(15)! = 675 cm 


Ex. 5.8. : The distance travelled by a particle is given by the equation s = 2:5 £". Calculate 
(i) average velocity during the time interval of t= 0 to / = 5 sec, (ii) instantaneous speed at ¢ = 50 
sec. 


Solution : (i) the distance travelled by the particle in 5 sec. is s= 2.5(5) =62-5m 


^. Average speed of the particle, v, =~ = = = 12.5 ms"! 
t 


ds 
' (i 22:5 5 — 8t 
(ii) Now, $ d 


So, instantaneous speed at ¢ = 5 sec. is v = 5x5 = 25 ms"! 


© SHORT ANSWER TYPE QUESTIONS (with Answer) € 


Question 1. A particle is projected vertically upwards with a velocity u. If the particle returns to 
the point of projected again with the same velocity, show the variation of velocity of the particle with 
time in a graph. 

Ans. The particle must be projected upward with a certain velocity. 
Here the velocity is u. During its upward motion, its velociy gradually 
decreases and becomes zero at the highest point. Now the particle 
will start coming down and during downward motion the velocity of 
the particle will gradually increase. When it reaches the point of 
projection the particle will region its initial velocity of project. The 
variation of velocity of the particle with time is given the curve ABC 
in the fig. 5.31. 

Q.2. A particle having initial velocity u moves with uniform acceleration. After a time f, final 
velocity is v and distance travelled is s. Show that the velocity at half the total distance be greater 
than the velocity at half of the time interval. 


Ans. Uniform acceleration of the particle 4 EE 


L wee Y, vez) uty 
i —1s h= uto e = bra = . 
The velocity at 2 1 2 1 2 i 


Phy (D—4 
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uen 
; PME IS E VES 
Again, v =u" +2as or, a= 


2s 


Ss 
If the velocity at half the distance i.e. after travelling a distance 2 be v, then 


242 > 
3/005 3.65 s(v pd ) u? +y? 
vy =u +2a—=u + = 
2 2s 2 
Pn) 2 2 
723752 W*v utv u-v 
Now, v5 -v T 7 = DENS >0 or, v >v 


Hence the velocity at half the distance is greater than the velocity of the particle at half of the total 


time interval. 


1 
x then, Si dels Bo Fr ce 


it rises to the same height, draw velocity-time graph for the ball. 


Q.3. The drivers are taught that doubling the speed quadruples the breaking distance. [J.E.E. 2000] 


Ans. Let the mass of the car be m and initial velocity v,. So initial kinetic energy = =mi 


Assume that due to an applied force F opposing the motion, the car stops after travelling a distance 


iu EA a A 


Sul 


ži 
So, if the velocity be doubled, the breaking distance will be four times. 
Q.4. A light ping pong ball is dropped from a certain height. After impact with the ground if 


V 

Ans. In fig. 5.32 we have shown the velocity time graph for the ping T | A 
pong ball. OA represents downward motion and BC the upward motion | 
after impact with ground. The ball touches the ground after a time equal oK 1D 2t, 7 
to ¢,. Its velocity is maximum when it is about to touch the ground. ER C 
Maximum velocity is v — AD. As the ball goes up, its velocity gradually i 
decrease and becomes momentarily zero at the highest point shown by 
the point C on the time axis. Evidently, the time of fall OD = t: B 

Q.5. Draw velocity-time graph in the following cases. Fig. 5.32 


(a) when a particle moves with constant retardation and ultimately stops. 

(b) when the particle moves with gradually increasing acceleration. 

(c) when the particle moves with gradually decreasing acceleration. 
Ans. (a) In fig. 5.33(i), v; graph for a particle moving with uniform retardation is shown. 
The particle stops after a time / = OA 


(b) v-t graph for the particle moving with gradually increasing acceleration is shown in fig. 5.33(ii). 


y Vv y 
| TN T fi 
SAU Ctr aa 9 


(ii) > (ii) +r 
Fig. 5.53 
(c) v-t graph for the particle moving with gradually decreasing acceleration is shown in fig. 5.33(iii). 
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Q.6. Draw displacement-time graph in the following cases : 
(a) when the particle moves with constant velocity 
(b) when the particle moves with uniform acceleration. 
Ans. (a) The position-time graph for the particle 
moving with uniform velocity is shown in fig. 5.34(i). 
The graph is a straight line passing through the origin. 


In this cases the particle has no acceleration. So, the v rea 
equation satisfying distance travelled is s = vt. As v t t 
is constant $ o f. 


(b) In fig. 5.34(ii), position-time graph for the 
particle moving with uniform acceleration is shown 
in fig. 5.34(ii). The graph is parabolic in nature Frid EM 
because in this case the distance travelled by the " ái) 
i ii 


PSU l 
particle in time t is s = ut tyr. Fig. 5.34 


Q.7. The distance traversed by a moving particle at any instant is half of the product of 
its velocity and the time of traverse show that acceleration of the particle is constant. 
|J.E.E. 1998,2002| 


Ans. Let the distance traversed by the moving particle is x, instantaneous velocity at time / is v. Then 
1 1 dx dx dt 
X-—VW o, x=~— or, —=2— 
2 2 dt x t 
On integration, /n x =2 In t In C. [C isa constant] 
x=Cr? 
; J dx 2 dv 
-. Velocity of the particle, v ^d 2 Ct. and acceleration, a = E 2C (Constant) 
-. Acceleration of the particle is constant. 
Q.8. Which of the following equations represents uniformly accelerated motion : 


() x- a s a 12.1570. aint e era. qv) xst 


b 
When a and b are constants and x is the distance travelled. 


1 no. " hart ' 
Ans. We know that the equation s = ut + yu which is a quadratic equation in t represents uniformly 


accelerated motion. Evident the relation (ii) represent a uniformly accelerated motion. 


Q.9. A particle travels a semi-circular path of radius R in time z. Calculate average velocity 
.of the particle. 


Ans. Distance travelled the time f, s— XR 
" Ss 

-. Average velocity, v, =—=— 
t 


Q.10. Can the average velocity of a moving particle be equal to its instantaneous velocity ? 


Ans. When a particle moves with constant velocity i.e. when the particle has no acceleration then, 
instantaneous velocity be equal to average velocity of the particle. 
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Q.11. A particle starts falling for the point A along an inclined plane, reaches B and rises upto Cc 
at the same height as A. How much time the particle will take to go from A to C ? [Neglect friction] 


Ans. At the point A of the inclined plane initial velocity of the particle is u = 0. If the time required 


1 : 
to reach the point B is ¢, then AB = 0 + b sin 0) z? 
A XG} 


2 
T xs ZUR sin @,)| ~ AB= a 
: ^3 heen sin 6, 
9, 2 Re ae 2h 1 
B : CI Vg sing, 
TERRSIS Bust it 
‘Similarly, the time taken by the particle to go from B to C is h= Pa SEE 
| 


". Total time, t=h+h = Ec a mos 
E g& \sin 6, sin, 


Q.12. The distance traversed by a particle is proportional to the square of time. Is the particle 
moving with uniform velocity or uniform acceleration ? 


Ans. Let s be the distance travelled in time 1 then saz? 


AssKv velocity, v = z =2Kr [K = Constant] 


i dv 
and acceleration, a = SE -2K 
Hence the particle is moving with uniform acceleration. 


* MISCELLANEOUS EXAMPLES e 


Example 5.9. : A moving particle travels half the distance between two points A and B with 
a velocity v. Then it travels with velocity v, for half the time required to travel other half of the 
distance and finally it travels with velocity v, for next half of the time to be point B. Calculate 
average velocity of the particle. 


S 
Solution : Let the distance between two points A and B be S. If it travels à with velocity Vy then 


the time spent is 4 SAC ie Se 
Vo 2% 


d à S E 
Now, assume that the particle takes time 1; to travel rest distance PE So, the particle travels with 


: t ; , t 
velocity v, for zand then with velocity v, for p 


h h S 
Pi to E= ODV v5) =S h= 
pj Sants inel S 
] 2v (vj +v: 
^. Average velocity of the car, v, = be Dace Tq 4 sicura ed) 
ttt S evens) 2v +v +v 
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Ex.5.10. : When a man remain standing on a moving staircase, it takes 1 min to reach a certain 
height. When the staircase remains stationary the man takes 3 min. to climb the same height by 
walking on the staircase. How much time will the man take to go up by walking with the staircase 
also moving ? 


Solution : Let the height of ascent be d and velocity of the staircase with respect to the ground is v, 


d 
In the first case time taken to reach the height 4 = mU (i) 
Now, if the speed of ascent of the man in the stationary staircase be Voy 


then the time required is h AI eT hat vr (ii) 


Vo 
Next in the third case the effective velocity of the man when he walks in the moving lift =v +v) 


-. Time of ascent in this case, ¢, = Z EEEN ARa, SA (iii) 
Few) Vive 
1 ys s 2. al ht 
att =+ orn 
ENA Aa arene ft 
; Re lege os 3 4 
oe =n, [^ 7 1 min, t, 23 min] 


by the compartment itself. 


Solution : Let after being detached, the compartment describes a distance s before Stopping. Then 
Me 
[Ur 2an ee [u = initial velocity] 
2a 
u uidi d 
also 0-u-at —.a2— y, $2—x—z-y 
t 230 522 
The distance travelled by the train during the time interval is s, = ut (as the train was moving with 
constant speed) 


The distance of Separation between the train and the compartment (when it stops) is 


A 
= 
> 


1 i 
x-$-s5- ul = 2 (Proved) 


Ex. 5.12. : A train starts from a station A with an acceleration a. After some time it travels 
with a constant retardation 4; and reaches another station B. If the distance between the two 


stations be 4 km and if the train takes 4 min for the journey. Show that ah + ail, = 2. Here acceleration 
f "od; 
is expressed in km/min?, 
Solution : Consider the fig. 5.36. Let the particle goes from A to C with acceleration a, and from 
C to B with retardation a, Tt takes time t, be go from A to C and time l to go from C to B. 


“x+y=4km, f +t, =4 min. " y 
So, in the region A to C, average speed of the car A C B 
u=0 5 v,-0 
0v 1 
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1 : 
also in the part CB, Y 35. [as velocity at B is also zero] 


E: xeye zt +t) - 4e or, v = 2 km/min 
Again applying the first equation of motion v = u+at in the two part AC and BC we get 
v 20«a, and 0 — v—2a5t; 
oh = and t3 mE 
a a) 
5 E CELA *ijz4 n Ayes (Proved) 
aj od. a a 

Ex. 5.13. : A police with a jeep chases a thief with a constant velocity v. When the jeep is at 
a distance ‘d’ the thief starts running with a motor cycle from rest with a constant acceleration ‘a’. 
Show that the police will be able to catch the thief if v2 J2ad . 

Solution : Assume that the police be able to catch the thief after travelling a distance x in time /. 


So, x = vt [as the police is moving with constant velocity] 


and the distance travelled by the thief during this time is y = gat . The police will be able to catch 


the thief if x 2 y*d or, vt = Sar +d 
$ 2v Jav? —8ad 


2a 
The police will catch the thief if ¢ is real. 
So, 4v? -8ad 20 or, v>¥2ad (Proved) 


Ex. 5.14. : A stone js projected vertically upwards with a velocity of 9:8 ms“! from the top of 
a tower of height 392 m. After what time will the stone reach the ground ? 


^. at? —2vt+2d 20 +t 


n UE 1 
Solution : The required relation is 5 — ut +—at? 


Initial velocity of the stone is vertically upward. So, u = —9:8ms-!. If the stone reaches the ground 


after £ sec then, 39-2 = 9-842 «98X07 [a=9:8 ms?] 


visdotil zebra 
EIS edu vul ish erii eee rot ia 


9.8 
~. t= 4 sec. or -2 sec. 


Since time cannot be negative, the required time = 4 sec.. . 

Ex. 5.15. : An object is dropped from a balloon which is moving upward with an accleration 
‘a’. After 4 sec. another object is dropped from the balloon. What will be the separation between 
the objects 2 sec. after the second object is dropped. 

Solution : Let the initial velocity of the balloon be ‘u’ when the first object was dropped. The first 
object was in motion for 4 + 2 = 6 sec. Distance covered by it in this 6 sec. is 


1 
S= E II 36 [ -> u is in upward direction] =-6u+18g .......-- (i) 
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Now, the velocity of the balloon 4 sec. after the first object was dropped is v=u+ax4=u+4a 


During this time, the balloon rises by S» = ut ax LOS AUTBa ai. es. (ii) 
The second object was dropped 4 sec. after the first object was dropped 

^ initial velocity of the second object = -(w+4a) [downward] 

The second object has fallen for 2 sec. and the distance travelled by it is 


Sy =-(u+4a)x2+1gx4=-2(u+4a)+2g Sod Mode RRR Oe ORT ME Cn (iii) 
Hence the separation between the two object 2 sec. after the second object was dropped is 
S=S, +S, -S; : : 
d S - -6u 418g -4u--8a — (-20u- 4a) 2g) =16(a+g) 
Ex. 5.16. : A paratrooper starts falling freely from an aeroplane. After 10 sec. the parachute 


opens and then the man descends with a retardation of 2‘5ms~. If the height of the aeroplane be 
2495 m, calculate the velocity of the man when he touches the ground. |g = 10 ms~] 


Solution : The paratrooper descends freely for 10 sec. The man falls freely by a distance, 
S, sug -lx10x100- 500m 
2 2 


Now, the height of the man from the ground =2495 -500 = 1995m 
After the parachute opens, the man descends with a retardation. At this height the initial velocity 


of the man u=0+ gt 2 10x10 - 100ms' 
If v be the velocity of the man when he touches the ground is given by 


v? =u? -2as = (100)! -2x2.5x1995 


ny! 225 or, v2 5ms'! 


z, The required velocity — 5ms'^' 

Ex. 5.17. : The maximum speed of a car is 72 km/hr. If the car starts from rest first with an 
acceleration of 1 ms“! and then with a retardation of 4 ms~, calculate the minimum time to travel 
a distance of 1 km. 

Solution : Maximum speed of the car = 72 km/hr = 20 ms"! 

Initial velocity of the car is u = 0. As the acceleration is 1 ms~!, the time after which the car reaches 
the maximum speed is given by v-u«at .—20-0-«1xt ..15-20s 


| 1 2 
The distance travelled by the car in /, = 20 sec. is S, Faa cds 1x(20)' 2 200 m 


v 20 
If the car travels for /, sec. during retardation, ‘3 = a 5s 
2 2 
ida rie vy (20 
and the distance moved in this time interval, S, is = a =50 m 


Evidently, to reach the destination in minimum time, the car travels (1000-200-50)m = 750 m with 


aoise ri 750 
the maximum constant speed of 20ms'! and the required time is /; = RU 3TSs 
-. Total minimum time = (20+5+37'5) sec = 625 s 
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Ex. 5.18. : A particle moving in a straight line with uniform acceleration describes three 
successive equal distances in time intervals f,, £, and f, respectively. 
COPS meer 3 
Show that —-—+— =e 
tot, dg ttt 


Solution : As shown in fig. 5.37, the particle travels equal 


u » Y v 
distances AB, BC and CD at times 1, t, and ¢, respectively. Let 4^ x B x c nr D 
AB-BC-CD-x. Let the velocities at A, B, C and D be respectively 5 
u, Vj, V and v Fig. 5.37 


Since the particle moves with uniform velocity, 


TE u+v u+v - , 
average velocity in the part AB — DESI So, AB =x= noi DEus Cake kes ara (i) 


3 " Yi tV, 
average velocity in the part BC ETIN i 


+ +y 
average velocity in the part CD = ex^ So, CD = x= es -t 


CAI. TE. eel. i 
From the relations (i), (ii) and (iii), 777 * 7- => (+) 


dl di 4 2 0B A (iv) 
1 
Again, the average velocity of the particle between A and D EM +v) 
3x 
$ — = —(u-v 
Ae ah XN De EE A e (v) 


Lm! 
From the relations (iv) and (v), 777 *— = 


Ex. 5.19.: A mail train and a goods train are going along the same line in the direction with velocity 
30 ms“ and 10 ms! respectively. When the mail train is at a distance of 175 m from the other train, 
its driver applied brake to produce a retardation of 0:65 ms~. Immediately the driver of the goods 
train produces an acceleration of 0-5 ms~. Show by calculation whether there will be collision or not. 


Solution : Let there be collision between the trains / sec. after applying the brake. The distance 
travelled by the mail train in this time, S, = 307 = 50-6507 = 301 — 0-3251? and the distance travelled 
by the goods train during the same time, S, = lors +x 0-50? =101+0-250? 

~<. For collision to occur, S, =S, +175 ~. 30¢—0-3251? = 101 +0-250? +175 


800+ (800)? —4 x 23x 7000 
2x23 
` Evidently, the discriminant is negative and time ¢ is imaginary. 
So, there will no collision between the trains. 


^. 23t? -8001+7000=0. <. 1= 


Ex. 5.20. : Two particles starts with velocities 144 km/hr and 252 km/hr from two points A and 
B along BA in the same direction. The acceleration of the first particle is 8 m/s? and that of the 
second particle is -4ms~. Show that the particles will meet twice during their motion. Calculate 
(i) times at which they meet (ii) distance of the meeting points from A. Given BA = 36 m. 
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Solution : Initial velocity of the first particle v, = 144 km/hr = 40 m/s and of the second particle, 
v, = 252 km/hr = 70 ms"! 


Let the particles meet after ¢ sec. at a distance x from A. Then 


x= 401+ x8xP =401+4P UM iro (i) 


and x+36= 701-2 x 4x0? = 701-20 EC E eA (ii) 


From the relations (i) and (ii), i? —5¢+6=0. 

-(t-2)(t-3)20. ~. tF 2 sec, 3 sec. 

So, the particles meet after 2 sec. and 3 sec. 

(ii) So, the distances of the two points of meet from A is x, =40x2+4x4=96m 
and x; =40x3+4x9=156m 


Ex. 5.21. : A train starts from one station and reaches the other station. Initially the train 
moves with a constant acceleration until its velocity becomes v. Then it moves with constant 
retardation to reach the other station. If total time spent is /, prove that the distance between the 


Ae 1 
two stations is S = P 4 


Solution : Initiąl velocity of the train at the first station A is u = 


0. After a time 1,, at C, the velocity of the train reaches is maximum u S; S, 
value v. As the acceleration is uniform, the average velocity over the A F C E B 
H O+v v 
distance AC = S, is Ya = Tor E 
p Fig. 5.38 
Si = Val 7 7 vt 


After C, the train travels at constant retardation and reaches the station B in a time t. So CB = S, 


1 1 1 1 
.. S, = average velocity x time = 7% AS AB =S tS 7" Kio xd (Proved) 


Ex. 5.22. : A particle starting from rest first travels with constant acceleration ‘q’ then it moves 
with constant velocity for some time and finally moves with a constant retardation ‘a’ so that it 
comes to rest after some time. If the total distance travelled be S and elapsed time be t, show that, 


4s 
the particle travels with constant velocity for the time 4/t 3 rey 


Solution : Let the particle travels a distance S, in time /, with a uniform acceleration ‘a’. 

So, Si = sat} [= initial velocity =0] and maximum velocity after ^, v = at, 

Next, let the particle travels distance S, in time 4, with uniform velocity v. Then S, —vt; att; 
Finally the particle comes to rest after travelling S, for time 4, with a constant retardation ‘a’. 
2.83 = vty E - ats -3a 

As the particle stops after travelling for £3, 0—v—at; =at -at ort, = t3 


1 1 
48$ =at? -3a - gi 
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1 " 
ISTSUSMUS = Sat} +abyty + Sat =a eae a RO (i) 


1 
and total time, £ =f +f +t, =2t, +4, or, f S08) 


2 
-. From the relation (i), S = (2) +a{ <2) 


mieu 0 2 DV Got a Ver ERN E 1 
: Ss -2t, +t +2tt, -26) - 7 (r ü) ULP Y (Proved) 


Ex. 5.23. : Two trains starts simultaneously from two stations A and B with uniform velocities 
u, and u, towrds each other. After they meet at some place, the trains take times 1, and f, to reach 


the stations B and A respectively. Show that ui tu = Vt A Jg |J.E.E. (T) 1996] 
Solution : The two trains starts with uniform velocities u, and u, from two stations A and B towards 


each other [Fig. 5.39]. Let the trains meet at O after a time z. 
Then, AO = ut and OB = uy 
. OA 


' OB dead a toes (i) 
Evident A-train takes time t, to cover the distance OB. Hence OB = ut 
and B-train takes time t, to travel OA. Hence OA — uy, 


X os dp (i) hs I 
OB m [o SIM TEMPUS 
From the two relations (i) and (ii) —- = ae s 
u- u, 
5 2 1% Fig. 3.39 
pkr ig. 3. 
» a2 Sui 7 4h : f (Proved) 


2 
uy t 1 
Ex. 5.24. : A body is projected vertically upward with a velocity u and simultaneously another 
body of equal mass is dropped from a certain height. At the height y from the ground they has 
equal kinetic energy. If the second body travels a distance x, show that, acceleration due to gravity 


u? 


is TEE [J.E.E. (T) 1997] 
Solution : If the velocity of the first body at the height y be v, then vy =u? -2gy 


1 1 : 
So, its kinetic energy at the height y is E, T3 "(e -2g) [m = mass of the body] 
Evidently the second: body is dropped from the height (x+y) 
If the velocity of the second body after it descends by a distance x be Y, SO its kinetic energy at 


1 
a height y from the ground E; = zm = mgx. 


1 2 
By problem, E, = E; Ei zm (w? -2gy) = mgx. 


2 


u 
g= EES (Proved) 


Ex. 5.25. : The acceleration due to gravity at two places g and £'. When a body is dropped at 
the two places from the same height, the body takes f sec. less to reach the ground in the second 
place and also its velocity on reaching the ground at second place is greater by v than the first place. 


y 
Show that /gg' = T 
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Solution : Let the body be dropped from the height A. In the first place acceleration a — g and in 
the second place a = g’. The velocity of the body just before touching the ground at the first place is v, 
and in the second place is (v--v;) . If the time of fall in the first place is /j, the time of fall in the second 
place is (ti -/) t 
^ vi = gt, and vj yz g'(t,-t) or, gt, +v = g'(t -1) 
_vtg't 


È fe tae 2 
Again, hz gti 738 (t -1) 


or, (eu) ue] -(2#] 
&-& gg S£ 
ss Je(v+e't)= Jg (v gt) 

MINCE m 


Ex. 5.26. : A bullet enters into a wooden block with velocity u. On entering by a distance x into 
the block its velocity becomes v and finally comes to rest after penetrating further by a distance 
id 
x+y" 
Solution : The situation is shown in fig. 5.41. The bullet enters the block with velocity u and at a 
depth x its velocity becomes v. If the bullet stops after entering a further distance y. 


Fig. 5.40 


9e 
y. Show that "E 


POE e Lue ee Reet weg (i) 
and 0- v? -2ay or, ybe2ay e 4 (ii) 
From (i) and (ii), u? =2a (9+3): s (iii) 
v v x i 
From relations (ii) and (iii), ^7 7 ra | Fig 531 
wo ytx u . x+y 


Ex. 5.27. : A particle projected vertically upward reaches a height / in time ¢ and during the 


1 
next time 1', the-particle reaches the point of projection. Show that, /— cr 
Solution : Let the velocity of projection of the particle be u. After a time £ it reaches a height A. 
Then h= ut -4g 
In the next time t’, it reaches the point of projection. 


So, the time of flight is (¢+1'). So after (t+¢'), displacement of the particle is S = 0. 


& 0-u(ren)- tate) of, ue salt") 
1 lt] 
ne h= oN pees = oft? 
h ; seen) 27 ;? 


lor 
e hz git (Proved) 
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is 24 ms", a nail becomes detached from the 


hing the floor of the lift falls through a distance Si with 
respect to shaft and lift moves up by a distance S. 


Then S, 48, 22.7m 


Initial velocity of the nail = 24 ms" (upwards) and acceleration g = 9:8 ms~ 


? (downwards) 
RIS = 24142 x 9.807 =-2-414+4.9/2 


Here 1 = time after which the nail reaches the floor. The distance b: 


y which the lift ascends during 
1 
this time is S; 74r xl2p 


(upwards) 
“8, +8) 24.908 «0.6 =5-57 2.725.572 or, ( — 0-7 sec 
and S, 724x077 x9-8x (0.7) 7-1:6842.4-0.72m 


-. Required (i) time = 


077 sec and (ii) the distance described by the lift with respect to the shaft — 
0:72 m. 


Ex. 5.29. : From the top of a tower A, a 
the ground. But when it is projected vertice 
time z, to reach the ground. Now, 
to reach the ground ? 


Stone projected vertically upward takes time 1, to reach 
ally downward with the same velocity from A it takes 
if it is allowed to fall freely from A, how much time will it take 


Solution : Let h be the height of-the tower and the stone is 


the first case 5 = -ut + : 


projected with the velocity u. Then in 
38 ESO ucno fete. eco MS ep 


M ary (1 e eines (ii) 
From this two relations, y = gs 212 AR ats Apad o (iii) 
Now, let the stone takes time 1 to reach the ground when it is dropped freely from A. Then 
1 
Pee on z 
2 HEROS RN A, (iv) 


1 1 1 
Hence from relations (i) and (iv) ga sima -1)t; Heti 


2P z-nn-5)«g = hh n t ets 
Ex. 5.30. : A stone is dropped from the to 


p of a tower A. When it falls through a height x, a 
second stone is dropped from a point at a dist: 


ance y below the point A. If both the stones reach 


2 
the grouhd simultaneously, show that the height of the tower is e 


4x 
Solution : The first stone is dropped from top of the tower A and AD = / is the height of the tower. 
When it comes to C (AC = x) a second stone is dropped from the point B (AB = y). [Fig. 5.42] 
If the velocity of the first stone at C be u then i? = 2gx 


ES 
5 CD = ut *— gt? 
79 
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and BD = ist A ae hte cme am ee di) 


[as the initial velocity of the second stone is zero] 
4, CD = AD- AC- h -x and BD = AD- BD- h-y 


Now, from (i) and (ii), CD — BD = ut or, (h — x) - (h - y) = ut 


h 
ile eee 
u 
2 2 
From relation (ii), h- y -() = 10 2l 
2 u 2 2gx 
2 2 2 ; ie 
n h=y+ Cani Aa) nhz (x+y) (Proved) Fig. 5.42 
d 4x 4x 4x 


Ex. 5.31. : Two points A and B are situated at a separation of 25 m. A particle P starts from 
B with a velocity of 2 m/s in the direction AB and has an acceleration of 4 ms~ in the direction 
AB. At the same time another particle Q starts from A with a velocity of 11 ms” in the direction 
AB and has an acceleration of 2 ms? in the same direction AB. Prove that Q will never be able 
to catch P and the minimum distance between them will be 475 m. 


Solution : If possible, let the prticle Q catches P after a time ¢ sec. Now, the distance travelled by 


1 2 
Q in time ¢. S, sustat? AB S pues SE) 2n 


The distance travelled by P in this time, S = 2t rix 4xt= 2+2? 


The particle Q will catch P if S, =S + 25 Qa p> 
solit AWF + 25 “or, t, — Ot + 25 = 0. A B 
— — 25M ——— ——3À 
9+J81-100 944-19 25m 
DIES Ue AEN Fig. 5.43 


2 
Evidently ¢ is imaginary. Hence Q will never be able to catch P. 
2nd Part : Let x be the distance between the particles at any time ¢. 


2 


2 2 
ls 9 

Then sen 9142520 -2-9-14(2) -(2) +25 -(-3) E 
2 2 2 2 4 


9 
For minimum value of x, ion ^24. 5sec 


So, the particles will be nearest to each other after 4:5 sec. 


; ; 19 
and the minimum distance is Xmin = gi on i 


e APPLICATION OF CALCULUS e 


Ex. 5.32. : The displacement of the particle moving under a constant force changes with time 


according to the relation ¢ = Jx +3 where x is the metre and time is the sec. What is in displacement 
of the particle when the velocity of the particle is zero ? ILLT., 1979] 
Solution : Here t 4x 430r, 4x =t-3 x20 -6+9 


Differentiating, £. vy22t-6 If v = 0, t= 3 sec. 
t 
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vat t=3, x (3) -6x34920 
So, when velocity is zero, displacement is also zero. 


Ex. 5.33. : The acceleration of a particle changes according to the relation a = 2 . Calculate 
(i) instantaneous velocity at ¢ = 4 sec., (ii) distance travelled in 4 sec. 


Solution : @=2Nt or, dear ^. dv=2vi dt 


Integrating, y = + +C [C = constant] 


atr=0,v=0 .C=0 ave 
ý 1 : 4 3/2 
+. (i) Velocity of the particle after í = 4sec, v = 3*0 = 10-67units 


ds te 4 4 
Gi) Again v == Ans ods = di 


8 
5 as hs +C; [C, = constant] 
If 150,5-0,0, =0 rem 


5/2 


8 3 
So, the displacement during / = 4 sec. is secre) 717-07 unit 


Ex. 5.34. : A particle is moving along Xov plane according to the equation : x = kf and y= 
kt (1 — af) where k, o are constants. Calculate velocity and acceleration of the particle as a function 
of time. 

Solution : x= ht or, SE e| wiv, mk 

Again, y = At(1-azr) or, z = k-2akt = k(1-2at) + v, =k (1-201) 


^, Resultant velocity, v = ye tv? = Je +k (1-201)? y= kji+(1 -2a1)? 


dv. d? VETE 
Again, d, eo 70; and a, = y= -2a Mam al +a? = 2ka. 


,. Ex. 5.35. : A particle starting from rest moves with acceleration proportional to time. (a) What 
will be the velocity x second after the motion ? (b) What distance the body will describe after x sec 


of motion ? |J.E.E. 1997] 
Solution : (a) From question aa ora - kt [k = Constant] 


dy 
Sup >&= kdt. Integrating, [es kfidi ve PLE +e [c = constant] 
At £ = 0, v = 0 as the particle starts from rest. So, c = 0. 


1 1 
2 vale -. Velocity after x sec, v, = ;* 
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d da [es i 
(b) Again, 7*7 ki? or, ds» "4 5 "id +c, [c, = constant) 


Att=0,.s=0 0,80; ^ Stk 


1 
;. Displacement after x second, S= Ge 


Ex. 5.36. : A particle is moving along a straight line whose acceleration is represented by uv", 
where a and x are constants and v is the velocity after f sec. If the velocity of the particle be w at 


1 
t = 0 then show that at « —(v ^u 3r 
x 


A : "RO, vel (rel 
Solution : |n this case retardation f= —av pee av dv = <a dt 
on integration, -Ly =at C [C * Constant] 
x 
pagata loss m [ : 
At (m0, vau, ^" Cu-—u S--y7 »-al-—u or, at= —(v^* u”) 
x x x x 


Ex. 5.37. : The equation of motion of a particle moving in a plane is represented. by 


- up Le aw cos wf if where 1 and are the unit vectors along X and Y-axis, If the particle be 
at the origin at ¢ = 0 calculate, 
(a) Equation of motion of the particle and (b) The distance of the particle from the origin at 


del Roorkee, 1985 
20 | " | 


+ ^ ^ 
Solution : Here u = uy i (ao cos wt) j 


So, the velocity of the particle along X-axis, uy = Wy. seers nnns (i) 
and velocity along Y-axis, V, = 40 OG UM. ever PV Sia em ae di) 
ds 
Now, Mages vse fv dt 
From equation (i) displacement along X-axis, x= J meat Hol ne ener (iii) 
and from equation (ii), displacement along Y-axis. 
y= faw cosordi=a sin Ol... ce cee renee eee sene tnt (iv) 


eliminating from equations (iii) and (iv) 
‘ (=) 
ym Slat | E pap mer rt «s v RAS e Sut (v) 
uo 


31 NC: 
=, xa mpm = asin— s - 
(b) If ! 20^ X * ug dei and y* 45i 2 a 


-> 
S Jugx , 
So, the distance of the particle from the origin is D= yx +y m 1 Ex *a* 
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A. Short Answer type Questions : 


1. What is meant by reference frame ? A particle moves with uniform velocity in one reference frame. Can 
it appear to be stationary in other reference frame ? 


2. What is the difference between average velocity and instantaneous velocity ? Show and explain the velocity- 
time graph for a particle moving with constant acceleration and constant retardation. [H.S. 2002] 


3. Can a body possess acceleration although its velocity is zero ? Can the direction of velocity and acceleration 
be in opposite direction ? Explain with example. |H.S. 2001] 


4. Can the average velocity and instantaneous velocity be equal ? 
5. Can the speed of a particle moving with uniform velocity be variable ? 
6. Can the velocity of a particle moving with uniform speed be variable ? 


7. (a) Can the velocity of a particle be zero although it has an acceleration ? (b) If the acceleration be zero, 
can a body have velocity ? 


8. A particle describes a semi circular path of radius R in time ¢, What is the speed and velocity of the particle ? 
Ans, #28 
TTE 


9. (a) A train is moving on straight rails. Show graphically the variation of velocity with time in the following 
cases : ; i 


(i) the train is moving with constant acceleration. 
(ii) the acceleration of the train is gradually increasing. 
(b) Draw position-time graph of a moving particle in the following cases : 
(i) When the particle is moving with constant velocity. 
(ii) When the particle is moving with consant acceleration. 


10. In the question 9(a), what would be the nature of variation of velocity with time when the acceleration 
of the.train gradually decreases ? ` 


Il. A boy drops a coin from a compartment of a train which is moving with constant velocity. What would 
be the nature of trajectory in the following cases ? 


(i) to a passenger inside the train (ii) to a person standing by the side of the rail line. 


12. If a boy throws a ball vertically upward sitting in a vehicle moving with constant acceleration, where will 
the ball drop with respect to the boy. Explain your answer. |J. E.E., 1986] 


13. The barrel of a gun and the centre of a target suspended by a string lie on the same horizontal line. The 
gun is fired and simultaneously the target is allowed to fall freely after cutting the string . Explain whether the bullet 
will hit the target or not. Neglect air friction. 


14. From the top of a tower a person drops a stone and at the same time another stone projected horizentally 
Which stone will touch the ground earlier ? Explain your answer. 


15. From the top of a tower two balls are thrown — one in the upward direction with velocity u and the other 
vertically downward with the same velocity. When the two balls touch the ground what would be the relation 
between the velocities of the two balls ? 


16. A ball while moving horizontally, strikes a vertical wall and returns along the same path. What is the 
direction of acceleration of the ball at the time of collision with the wall ? 


17. A car was moving with a constant velocity v. It is stopped at a distance x by applying a force F. At what 
distance will the car stop by applying the same oppositing force F if the car was initially moving with velocity 2v? 


18. A car moves a distance Si with velocity v; and distance S, with velocity Y». What is the average velocity 


of the car ? [Ans. (S; +$3)viv9 / (Si, + $5v;)] 


— 
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19. A car moves with uniform velocity for a time /, and then with constant velocity for a time t. What is the 
average velocity of the car ? [Ans. (wt vata)/(ti + ) 
20. The velocity-time graph for a moving particle is shown in fig. 4:45. Show that the distance travelled by 
the particle in the last two seconds is equal to 1/4 of the total distance travelled by the particle in total seven second. 
21. A train is moving along straight rails. Draw v-/ graph of the train 1120 


in the following three cases : 2410 
(i) the train is moving with uniform velocity. E 5 
(ii) acceleration of the train is increasing. > 


(iii) acceleration of the train is decreasing. |H.S. 1999] ol 3 5 7 


22. A particle starts from rest and its velocity is increasing in such a Fig. 544 ^ Lupa) 
way that the acceleration changes according to the relation a = kt where k = 2ms~?. What is the distance travelled 
by the particle in first 3 sec. of motion. [Ans. 9 m] 

23. A particle is moving such that distance travelled by the particle is proportional to square of time interval. 
Show whether the particle is moving with constant velocity or constant acceleration. [Ans. Constant acceleration) 


24. A particle is projected vertically upward with a velocity u. Show that its time of ascent is equal to time 
of discent. Is there any acceleration at the highest point of its path ? 


25. The drivers are taught that doubling the speed quadruples the breaking distance. Why ? |J.E.E. 2000] 


26. The velocity of bullet becomes half of its initial velocity after penetrating | cm into a target. How much 
further it can penetrate before being stopped ? [Ans. '/, cm.] 


27. What is a reference frame ? How is the position of a point determined in three dimensional spherical polar 
co-ordiantes ? |J.E.E. 1999] 


28. The position-time [(s-t)] graphs of two particles moving with constant velocity are inclined to the time axis 
at angles 60° and 30° respectively. What the ratio of the velocities of the two particles ? [Ans. 3] 
B. Essay type questions : 


1. What is meant by ‘rest and motion’ ? What is meant by reference frame ? ‘Absolute rest or absolute motion 
is quite unknown. Rest or motion is relative’ — Explain. 


2. What is the difference between translational motion and rotational motion ? What are the different types of 
translation motion ? Give examples. 
3. (a) Explain the term average velocity and instantaneous velocity. Can they be equal under any circumstances ? 
(b) What is meant by average acceleration and instantaneous acceleration ? 


4. Establish the relation graphically : S= ut mm 


5. Show that the distance travelled by a particle moving with uniform acceleration in nth sed. is 
1 
Salt spa (2n 
6. What is meant by ‘state of rest’ and ‘state of motion’ of a body ? Explain the importance of reference frame 


for the study of motion of a body. 
7. The two ends of a train cross a telegraph post with velocity u and v respectively. With what velocity the 


CENE 
7 u“ +v 
mid point of the train cross the telegraph post ? E 2 | 


C. Simple Numerical Problems : 

1. A train starts from one station A and reaches another station B after 45 min. At a particular position C 
between A and B, the maximum velocity of the train is 50 km/hr. If the train travels with uniform acceleration 
between A and C and with uniform retardation between C and B. find the distance between the stations A and B. 

[Ans. 1875 km] [H.S. 2001] 


Phy (D—5 
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2. (a) A particle moving with constant retardation describes 5.7 m and 3.9 m respectively on 6th and 9th second 
of its motion. After what time the particle will stop ? [Ans. 15 s] |H.S.- 1989] 


(b) A particle moving with uniform acceleration travels-65 cm on Sth second and 105 cm on nineth second 
of its motion ? How far the particle will go during 15 second ? [Ans. 1425 cm] [H.S. 1999] 


3. A train moving with uniform retardation travels 1/4 km in 20s and the next 1/4 km in 30s. Calculate the 
additional distance after which the train will stop ? [Ans. 102-1 m] 


4. The driver of a train moving initially with the velocity 30 km/hr applies brake. Now the train moves with 
constant retardation and after 10 sec. speed becomes 10 km/hr. Calculate magnitude of retardation. How much 
distance the train will cover on 10th second ? [Ans. 55:6 cms"! ; 3052 m] 


5. A car starts from rest with a uniform acceleration of 3 ms"? for 10 sec. Then it moves with constant velocity 
for 20 min. Then it applies breakes and moves with constant retardation and stops after 5 sec. Calculate (i) maximum 
velocity and (ii) distance travelled by the car. [Ans. (i) 108 km/hr (ii) 825 m] 


6. A stone is projected upward with a velocity of 14 ms:!. After what time will the stone reach the ground 
again? g-9:8 ms? [Ans. 2:86 sec.] 
7. A ball is dropped from a certain height and falls freely. During the fifth second of its motion it travels 44:1 
m. Calculate the value of acceleration due to gravity at the place. [g = 9:8ms?] 


8. Two cars are’ approaching each other along a horizontal road with uniform velocities. The velocities of the 
two cars are 10ms~! and 12 ms"! respectively. When the separation between the cars is 150 m, both the cars 
apply break producing retardation of 2 ms~2. When the cars stops what is the separation between the cars ? 

[Ans. 89 m] 

9. A body falling freely from rest discribes half of the total distance travelled during the last one second of 
its motion. Calculate (i) time of fall and (ii) initial height. [g =98 ms~?] [Ans. (i) 341s, (ii) 571 m] 

10. A train (A) is running along a straight rails with a speed of 60 km hr’. Another train B is coming from 
behind in the same direction along the same track with a speed of 70 km hr-!. When the separation between the 
cars is 2:5 km, the train B produces a retardation of 20 km hr. At what distance and after what time, the train B 
will catch A ? [Ans. 32:5 km, 30 min.] 

11. A particle moving with uniform acceleration travels 9/25 part of the total distance covered in the last second 
of its motion. If the particle starts from rest and moves 6 em during the first second of its motion, calculate time 
during which the particle was in motion and total distance travelled. [Ans. 5 sec ; 150.cm] 


12. Two cars starts from the same place at the same time and along the same straight line, Uniform velocity 
of the first car is 40 ms~! and the acceleration of the second car is 4 ms~ with its initial velocity zero. (i) After 
what time second car will catch the first car ? (ii) After what time the separation between the cars is maximum and 
what is the maximum distance ? [Ans. (i) 20 sec. (ii) 10 sec., 200 m] 

13. A car is moving along a straight road with a velocity of 20 ms-!. The driver of the car notices a speed 
limit indicator of 10 ms-! at a distance of 100. m from him. What retardation be applied by the driver so that the 
speed limit of 10 ms™! is achieved at the desired distance ? Calculate the time at which the car will reach the indicator 
point. [Ans. -1:5 cm s? ; 667 sec.] 

14. A particle starts from rest with a uniform acceleration. It travels 10 m during first second and during the 
last, second of its motion it describes 1/4 of the total distance travelled by the particle. Calculate (i) total distance 
travelled and (ii) total time. u F [Ans. (i) 557-1 m, (ii) 7:464 sec.] 

I5. A cricket ball was initially moving towards north with a velocity of 25 ms-!. The ball is deflected towards 


south by hitting it by a bat. What is the change of velocity ? If the ball be in contact with the bat for 0:05 sec, 
calculate acceleration of the ball. [Ans. 50 ms“! ; 103 ms] 


16. A bus is moving along a straight level road with a velocity of 10 ms-!. At a certain instant another moving 


bus is at a distance of 1 km from the first bus. If the second bus requires to overtake the first bus within 100 sec, 
at what speed it will have to run ? [Ans, 20 ms-!] 


-17. A particle moving with uniform acceleration travels 150 m in 10 sec and during 10th sec. it travels 24 m. 
Calculate initial velocity and acceleration of the particle. [Ans. 5 ms! ; 2 ms] 
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18. A man starts running with a speed of 4 ms^! to catch a stationary bus ahead of him. When the man is 6 
m behind the gate of the bus, he starts moving with an acceleration of 1.2 ms~2. After what time, the man will reach 
the bus gate ? If the man be initially 10 m from the bus will the man be able to catch the bus ? 
[Ans. 2.27 sec ; No.] 
19. The driver of a train moving with a velocity of 115 km/hr notices another train moving with a velocity 
of 25 km/hr along the same track in the same direction at a distance of 100 m. What should be the minimum 
retardation of the faster train so that there will be no collision between the trains ? [Ans. 3:125 ms?] 
20. A bus starts from rest with an acceleration of 5 ms^?. Simultaneously a motor car starts from the same place 
with a velocity of 50 ms-!. Calculate (i) at what distance the bus will overtake the car ? (ii) What is the velocity 
of the bus at that instant ? [Ans. (i) 100 m ; (ii) 100 ms-!] 
21. (a) A particle is moving along a straight line with an initial velocity of 2-5 ms~! and constant acceleration 
05 ms, 
(i) What is the distance covered. by the particle in the first two seconds ? 
(ii) After what time, the particle will acquire a velocity of 75 ms“! ? 


(iii) How much distance the particle will travel during the time interval when the train acquires a velocity 

of 75 ms! ? [Ans. (i) 60 m (ii) 10 sec. (iii) 50 m] 

(b) A bullet moving with a velocity of 200ms-! can just penetrate a wooden plank of 4 cm thickness. What 
Should be the initial velocity of the bullet so that it can penetrate a similar plank 10 cm thick ? 

[Ans. 3162 ms:!] [H.S. 2000] 

22. A body travels 200 cm in the first 2 sec and 220 cm in the next 4 sec. What would be the velocity of the 


particle 7 sec. after the start of the motion ? à [Ans. 10 cms™?] [H.S. 1993] 
23. A particle travels 66 cm during the 12th second and 82 cm during the 16th second of its motion. Calculate 
the distance travelled by the particle in the first 10 sec. [Ans. 400 cm] [H.S. 1994] 
24. A body travels 25 cm and 33 cm during the fifth and 7th second of its motion. What will be the velocity 
of the particle after 9 sec. of motion. [Ans. 43 cms*!] |.H.S. 1995] 
25. A particle moving with uniform acceleration travels 41 cm and 49 cm in the 6th and 10th second of its 
motion. Calculate the distance travelled after 15 sec. [Ans. 675 cm] |H.S. 1996] 


26. A bullet from a gun can penetrate 15 cm into a wooden plank. The same bullet can just penetrate an 
aluminium plate of thickness 6 cm before stopping. How much length the same bullet can penetrate when a 6 cm 
aluminium block is placed behined a 6 cm thick wooden block ? [Ans. 3:6 cm] [Tripura H.S. 1993| 


27. A particle moving with uniform acceleration can travel a distance S in time ¢ and in the next /' sec. it can 
: f : SOUS j A 
move a distance S’. Show that the acceleration of the car is a= (5 -SMe +t’) [Tripura H.S. 1994] 


28. The two ends of a train moving with uniform acceleration cross a telegraph post with the velocities u and 
v respectively. Write what velocity will the middle part of the train will cross the telegraph position ? 


ut +v 
Ans.47—5 — | [Tripura H.S. 1996] 


29. Starting from rest a train is moving with uniform acceleration. After £ sec, the speed of the train becomes 
100 ms”! and in the next I sec. its speed becomes 150 ms“. Calculate (i) acceleration of the particle and (ii) distance 
travelled during (r*1) the second of its motion. [Ans. (i) 50 ms? ; (ii) 125 m] 


30. A bullet enters into a wall with velocity and on entering a distance x into the wall, it velocity becomes 


v X 
v. The bullet stops after penetrating another length y into the wall. Show that 7; = | mU 


31. The distance between two places on a horizontal straight line is "d". A car starts from rest with an 
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acceleration ‘a’ and after same time it starts with a retardation ‘b’ to reach from the first place to the second place. 


Show that, the car takes total. time £ where f£ pex sec. 
al 


32. A train starts moving with an acceleration and after some time its velocity changes from 0 to v. Then it 
moves with constant velocity for some time and finally it moves with a retardation B and comes to rest. If the train 


f d b. cdi Ys 
travels a total distance-/; show that the time Spent to complete the journey is t= 23x) > 


33. A train starts moving from rest. It moves with a uniform acceleration a for some time. Then it moves with 
constant retardation B to come to rest finally. If t be the total time spent, calculate (i) maximum velocity of the car 


a ur. Tape? 
(ii) distance travelled. É O p 095 aqp IMS. 2002] 


34. A train starts from station A and Stops at station B. The train travels first 1/4 part of the total distance with 
uniform acceleration, last 1/4 part of the total distance with uniform retardation and remaining intermediate part with 
uniform velocity. Show that average velocity of the train is equal to 2/3 of the maximum velocity. 


35. The speed of a boat is still water is 5 km/hr. It can cross a river of breadth 1 km in 15 min along a shortest 
path. What is the speed of the river ? [Ans. 3km/hr] |L.I.T. 1988] 


36. A particle having some initial velocity travels with uniform acceleration. It travels x metre during / th’ sec. 


zs 


and y metre during (¢+n) th sec. of its motion. Show that acceleration of the particle is a — 2 m/s? 
37. A particle travelling along a straight line with uniform acceleration goes from A to B. If the particle be 


at P after half of the total time, show that +. zt x 


Where k and v are the velocities of the particle at A and 
Vt 


B respectively. . 
38. When a man is at a distance of 9m from the entrance of a train, the train starts from rest with an acceleration 


of 2 ms, Immediately the man also starts running with uniform speed and is just able to get into the train. Calculate 
the speed of running of the man, [Ans. 6 ms-!] [J.E.E. 1972] 


39. A particle is projected: vertically upward. It takes time tı to reach a point at a height A and also it takes 


f : i 1 
total time ¢, to come down to the point at the height A. Show that h= seth ‘and velocity of projection, 


um la(s), 


40. A bullet passes through a well 10 m thick when its velocity changes from 1200 to 800 ms-!. Find the time 
taken by the bullet to pass through the wall and velocity when half the wall is penetrated. 
[Ans. ¢ = 001 sec. ; v, = 1020 ms-!] 
: 41. A train travels from station A to station B from rest to rest. At a point C, somewhere between A and B 
it attains its. highest speed of 60 km/hr. If it travels with uniform acceleration from A to C and with uniform 
retardation from C to B, find the distance between A and B, if total journey takes 10 minutes. [Ans. 5 km] 
42. A cat sees a mouse at a distance of 15 m before it. It starts from rest with uniform acceleration of 2 ms~. 
The mouse runs with uniform velocity of 14ms-!. Find when and where the cat will catch the mouse ? 


[Ans. 15 sec., 225 m] 
D. Harder Numerical problems : 


1. A bullet enters into a target with the velocity u and on penetrating a distance ‘a’ its velocity decreases by 


2 
a(n- DN E y 
uln. How much further the bullet can penetrate before stopping. i 2n-i l [J-E.E. 1994, H.S. 2003] 
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2. The driver of a train moving with uniform velocity v, notices that another train is moving along the same 


line in the same direction with a velocity vo(v? <v) at a distance d from it. He immediately applies break to 


2 
1 ij 1 Vp v if E. T 
produce a retardation ‘a’. Show that if d > erm there will be no collision between the trains. 
a 


3.A light string passes over a fixed frictionless pulley. At its two ends two blocks of equal mass are attached. 
Both blocks are moving with uniform velocity u. The block which is doing down is suddenly stopped and then 
released, After what time the string will be tau: again ? [Ans. u/g] 


4. A body is projected vertically upwards from the top of tower A. It reaches the ground after a time 4}. If the 
body is projected vertically downward with the same velocity, it takes time t to reach the ground. How much time 


the body will take to reach the ground if it is dropped from A and allowed to fall freely ? [Ans. he Jin] 


5. In a racing competition the car A reaches the end point / sec. earlier than the car B. Also at the time of 
„crossing the end point the speed of the car A was greater by v ms"! with respect to car B. If both the cars starts 


from rest and their uniform accelerations be a, and a» respectively then, show that v= Jay à» «t. 


6. A particle starts from rest and moving with uniform acceleration travels a distance S and then it travels a 
distancle 2S with uniform velocity. Finally the particle describes the distance 3s with uniform retardation and comes 
to rest. If the motion of the particle takes place along a straight line, what is the ratio of the average velocity and 
maximum velocity of the particle over the whole motion. [Ans. 3/5] 


7. Stating from rest a particle is moving along a straight line with a constant acceleration ‘a’, The total path 
length ‘s’ is divided into n equal parts. At the end of each part, the acceleration of the particle increases by a/x. Prove 


that after travelling the whole distance the velocity of the particle by as(3- 


8. A particle is projected vertically upwards. When the particle rises half of the total distance its velocity 
becomes 32 ft/s. (i) to what height the body will rise ? (ii) What is the velocity and acceleration of the body 1 sec. 
after it was thrown ? (iii) Calculate the quantities after 3 sec. (iv) What is the average velocity in the first half 
second ? [Ans. (i) 32 ft, (ii) 1325 fus, -32 fus?, (iii) 5075 ft/s, 32 fUsec?, (iv) 3725 ft/s] |J.E.E. 1991] 

9. A moving train is crossing a person. The first compartment of the train crosses the man in 2 sec. and the 
second compartment takes 2:5 sec. to cross the man. The train is moving with uniform acceleration. (i) What is the 
velocity of the train when the front of the first compartment crosses the man ? (ii) What is the acceleration of the 
train ? Assume, the length of each compartment is 15 m. [Ans. u = 49/6 ms! ; a = —04 ms?] [J.E.E. 1989] 


10. Two points X and Y are at a separation of 25 m. A particle (A) starts from the point Y with the initial 
velocity of 2 ms~! in the direction of XY and its acceleration is 4 ms~! along XY. Simultaneously with A another 
particle B starts from the point X with the initial velocity 11 ms-! and uniform acceleration 2 ms? along XY. Prove 
that, B will not be able to catch A and minimum distance between them is 475 m. f 

11. A balloon is moving upward with an acceleration of 02 ms~. Two stones are dropped from the balloon 
at an interval of 2 sec, What would be the separation between the stones 1:5 sec. after the 2nd stone was dropped? 
[g = 9:8 ms?] -[Ans. 50 m] 

12. A balloon is moving upwards with a velocity of 13 ms~!. When the height of the balloon from the ground 
is 300 m a stone is dropped. Calculate (i) maximum height attained by the stone. (ii) Position and velocity of the 
stone 5 sec. after it was dropped, (iii) when will the stone touch the ground ? [g = 98 ms? ] 5 

[Ans. (i) 30862 m, (ii) 242 m. 36 ms~! (downward) (iii) 9:3 sec.] 

13. The particles A, B and C are at the angular points of the triangle ABC of side ‘a’. All the particles are 
moving with velocity v — A is always moving along AB, B along BC and C along CA. After what time the particles 
will meet ? [Ans. 2a/3v] 


14. Show that for a particle moving with uniform acceleration, the distance travelled by the particle in successive 
equal time interval, will be in Arithmetic progression (A. P.) 
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15. A paratrooper jumps from the plane. He descends 19:6 m freely and then parasuit opens. Now, the man 
descends with a retardation of 1-1 ms". If he reaches the ground with the velocity of 2 ms~!, calculate (i) total time 
of fall (ii) initial height of the man. [Ans. (i) 18 sec. (ii) 1924 m] 


16. Two paper screens are at a separation of 100 m. A bullet passes piercing through the screens. The hole 
on the screen B is 10 cm below the hole on the screen A. If the bullet was moving horizontally at the time of hitting 
the screen A, calculate the velocity of the bullet when it strikes the screen A. [Ans. 700 m/s] |L.L.T. 1970] 


17. Two cars (A and B) are moving towards each other along the same straight line with equal velocity of 
30 km/hr, When the separation between the cars is 60 km, a bird flying with a speed of 60 km/hr goes from A to 
B. On reaching B it flies towards A. After reaching A it again flies towards B and so on. (a) At the moment the 
cars meet how many times the bird flies from A to B and from B to A. (b) total distance travelled by the bird. 


[Ans. (a) infinite times. (b) 60 km] 


© APPLICATION OF CALCULUS @ 


. 1. Two particles A and B are moving with velocities v, and v, respectively along two mutually perpendicular 
straight lines and towards the point of intersection (O) of the lines. At time 0, the distances of the particles from 
A and B are /, and /; respectively. When will the particles be nearest and what is the minimum distance between 


1 
bv». hv * lvi 
the two particles. Ans. t= Smin = pR—— 


2 2 "min ~ 
Wo tv) yi + v? 
1. A man is walking along a straight road by the side of a playground. He want to reach a point B on the 
playground in minimum time. The distance of B from the road is L. His speed of walking on the ground is 1/x times 
his speed on the road. The initial distance of the man from the foot of the perpedicular (N) drawn from B on the 


road is x. At what distance (y) from the point A, he should enter into the field so that he will be able to reach B 


mo L 
Ve -1j 


3. The motion of a particle is XOY plane can be represented by the equations : x = kt and y= kt(1 — br) ; her 
k and b constants and ¢ is time. Calculate the velocity and acceleration of the particle in terms of time. 


[ans v= a" (1-200) a= 2k 


4. At time ¢ = 0, a particle was at x = 0. The particle. starts moving with the velocity v along x-axis. v varies 
with x according to the equation v — Kx . How do the velocity and acceleration of the particle varies with time? 


in minimum time. 


[Ans del em pr pbpe 
2 2 


VECTORS AND RELATIVE 
VELOCITY 


TOPICS : Vectors and Scalars ; Composition of vectors ; Resolution of vectors ; 
Subtraction of vectors ; Relative velocities ; Vector products. Examples. 


6.1. Vectors and Scalars 


The physical quantities which we usually come across in physics and also in our daily life are 
broadly classified into two types : (i) Scalars and (ii) Vectors. 

(i) Scalars : Scalar quantities are those physical quantities which have magnitudes only and no 
direction. Such quantities are fully specified by mentioning its magnitude only. The mass of a body is 
3 kg or the length of a scale is 5 m completely and sufficiently specify the mass or length. No direction 
is needed. 

Scalars are added according to the ordinary rules of algebra. The mass of one body is 30 kg and 
the mass another body is 50 kg. Total mass of the two bodies are obtained just by adding the masses. 
So their total mass is 80 kg. 

Examples : Speed, work, power, density, temperature, potential, frequency etc. 

(ii) Vectors : The complete description of certain physical quantities requires a numerical value with 
units specified as well as direction in space. Acceleration of a particle is an example of this kind. The 
magnitude of acceleration is represented by a number such as 10 ms~ and tell us how fast the velocity 
of a particle changes. But description of acceleration is complete only when the direction of acceleration 
is also specified. A few examples of vectors are : 

Example : Velocity, weight, momentum, force, torque, intensity etc. 


* N.B. Vectors are not added by ordinary rules of algebra. Addition of vectors of similar nature are 
carried out by special laws such as parallelogram law or triange law. If a physical quantity has magnitude 
as well as direction but does not obey the laws of addition will not be-called a vector quantity. For 
example, electric current flowing in a wire has both magnitude and direction, but electric currents are not 
added by triangle law. So, it is not a vector quantity. 

Definition of Vector : The physical quantities which have both magnitude and direction and 
obey the laws of addition of vectors, are called vectors. 


6.2. Representation of a Vector : 

A scalar quantity is completely described by a numerical value only with unit specified. But in the 
case of a vector its direction has also to be mentioned. Y A 

Analytically, a vector may be represented by a single letter with an arrow 
on the top of it. Any vector P is written as P . Its magnitude is | P | = P. 
Geometrically in diagrams vectors are denoted by arrows : the length of the 
arrow is proportional to the magnitude of the vector, and the arrow head 
indicates the direction. [Fig. 6.1]. For example, a force of 5N is denoted by 
F =5N. The front end (carrying the arrow) is called the head and the rear end 


is called the tail of the vector. Fig. 6.1 
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6.3. Some Facts about Vectors : 
(i) Equal vector : When two vectors have same magnitude and direction, they are -called equal 
> > 


vectors. In fig. 2.2 the vectors P and Q are equal vectors ; because they have same length and direction. 


a 
So | P |=| Q | orP-Q. 
3 P 
P ^ =- 
Q -Q 
Fig. 6.2 Fig. 6.3 
(ii) Opposite Vector : 3, Two vectors having same magnitude but oppositely directed are called 
opposite vector. In fig. 6.3 P and Q are SDPOSHS vector. In this case P = zo. But | P iis Ql: One 


vector is negative of the other. A and — ne are opposite vectors. 
(iii) Co:planan sectors ; The vector which are acting in the same plane, a are called co-planar vectors. 


In fig. 6.4, "m B and c vectors are co-planar. o 
A 
B 
c 
Fig. 6.5 


Fig. 6.4 
(iv) Collinear vector : Parallel vector ES Ton lying on thes same straight line are called collinear 


vectors [Fig. 6.5]. In fig. 6.5, the vector "us B and é and also OA, OB and oe are collinear vectors. 


(v) Position vector : The distance of a point from origin or from 
a reference point is denoted by a vector. It is called position vector. 
Evidently it specifies or locates the position of a point. For example, 
in. the fig. 6. 6, the distance of the point P from O or position vector 
of Pis r = OP and r = OP. It two dimensions, co-ordinates of P be 


(x, y), then r=yx? +y” and tan 9-7. Fig. 6.6 


pi 
Ot 


(vi) Unit vector : If the magnitude « or numerical value of the vector be unity, the vector è 
is called unit vector. Such a vector is denoted by letter with cap on itas r: If P be vector and 
P 
a be a unit vector in the direction of P [Fig. 6.6(a)], then we can write P = n P. So n - P A 
n 
: N the vector 
* A unit vector n= 
i Fig. 6.6(a) 


magnitude of the vector 


VECTORS AND RELATIVE VELC«11 Y 73 


(vii) Zero vector : It is a vector of magnitude zero. ft has no definite direction. It is denoted by o : 
Sylb 3s 


When the head and tail of a vector be the same point then it is a zero vector. So AA, BB are zero vectors 


or null vectors. 
^r. m 


uo 
Thus if A = B then A- B-O 
* Physical meaning of o : Let us consider the definition of a position vector [Fig. 6.6]. What is the 
position vector of the origin ? It is a zero vector. Similarly, what is the displacement vector of a stationary 
object. It is a zero vector. Similarly, the acceleration vector of uniform motion is the zero vector. 
6.4.. Multiplication of a vector by a scalar : 
Multiplication of a vector by positive scalar K multiplies the 
magnitude but leaves the direction unchanged. [Fig. 6.7]. Here the 
Me 
vector A is multiplied by a positive scalar 2 [Fig. (ii)]. The magnitude > a 
has doubled, but direction remains unchanged. ZA 
But if K is negative, the direction is reversed. In fig. 6.7 (iii), the 
vector A is multiplied by -2. The magnitude is doubled and at the (i) — (i) — (ii) 
same time direction is reversed. So, Fig. 6.7 


IK A|- KIA | if K > 0. 
> > > 
and |K A |» -K|A |=|K||A| K <0. 
e N.B. The number K need not be a pure number without any dimension. In fact K may be scalar 
> 
having its own dimensions and A can be a physical quantity having its own dimension, which could be 


i 
different from those of K. Then the dimensions of the product KA will be the product of the dimensions 
of K and A. For example, if we multiply an acceleration vector (dimension LT?) by. a time interval 
(dimension T), we get a velocity vector having dimension LT? x T = LT 

6.5. Composition or addition of vectors : 


Similar scalar quantities are added by ordinary rules of algebra. For example, if we have 5 kg rice 
in a bag and add 5 kg rice to it, we will have a total of 5*4 — 9 kg rice in the bag. This is how scalars 
are added. Scalars of different nature cannot be added. We cannot add mass with speed. 

. Vectors cannot be added like scalars, because during addition of vectors their directions must be 
considered, Similar to scalars for addition operation, the vectors should be of same nature, We cannot 
add force with diplacement. 

Two or more similar vectors can be added geometrically. 

e Resultant vector : When two or more vectors are added we get another vector. The new vector 
will be the resultant vector if the effect of the new vector be same as the combined effect of the given 
vectors. 

Usually the magnitude of the resultant vector is not equal to the sum of the magnitudes. of the 
vectors to be added. For example, the sum of 3N and SN forces will not be 8N always. ` 

. © Geometrical method : 

Two or more similar vectors can be added by the following laws : 

(a) Parallelogram law ; 

(b) Triangle law ; 

(c) Polygon rule ; 
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(a) Parallelogram law of addition of vectors : If two similar vectors can be represented both 
in magnitude and direction by two adjacent sides of a parallelogram then the diagonal from the 
point of intersection of these sides, gives the resultant vector both in magnitude and direction. 


We consider two similar vectors P and Q which are inclined at an angle 6 with each other [Fig. 


6,8(i)]. They are to be added by Parallelogram law. Here we draw the given vectors P and Q with both 


of their tails coinciding [Fig. 6.8(ii)]. Taking there two as adjacent sides we complete the parallelogram 
OABC. The diagonal OB through the common tails give the sum of the two vectors. In the fig. 


> ^ Aig <5 - a 
OA*P,OC*Q and the diagonal op =R is the resultant vector. So, | R | is the magnitude of the 
resultant of the two given vectors and angle a denotes the direction of R with respect to P. 


Fig. 6.8 
(b) Triangle law of addition of vectors : If two similar vectors acting at a point can be represented 


by two consecutive sides of a triangle taken in order then the third side will give the resultant vector 
in the reverse order. 


We like to find the resultant of the two vectors P and © of fig. 6.8(i) 
by triangle law, We draw OA =P [Fig. 2.9]. From the head of A we draw 
AB=Q and parallel to Q . So tail of coincides with the head of P . 
Now, the tail Oof P and head B of Q are joined to form the triangle OAB. 
The side OB gives the magnitude of the resultant. So OB = R - 

So, P«Q - R or, OA+AB=OB- 

- BJ -> 
^ OA+OB+0C = O 


In means that if three vectors acting at a point can be represented both in magnitude and direction 
by the three consecutive sides of a triangle taken in order then the result will be zero. 


* ANALYTICAL METHOD ¢ 


The magnitude of the resultant R can be easily be obtained both by parallelogram law and triangle 
law, consider the fig. 6.8(ii) and 6.9. It is easy to see from these figures that 


OB? = OD? + BD? = (OA & AD) + BD? 
= OA +AD? +BD? +2.0A.AD 
= OA? «AB! +2,.0A.AD 
= P? +Q? +2PQ cos. [AD = AB cos 0 = Qcos 0] 
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SR'aPeQe2PQeuO. ior nmm (6.1) 
The vector R makes angle a with the vector P 

„üna BD... Quino 

“nS sy Paqo sc cst rttr eres tees (6.2) 
Special cases : 


(i) The resultant of two mutually perpendicular vectors 
In this case @ = 90°, Hence from equation (6.1) 


R=yP?+Q° and tan a= 2, 
(ii) The resultant of two parallel vectors : Here the vectors P and Q are parallel. So 0 « 0* 


nR' = P? +Q? +2PQ cos” Re P+Q 
So, the magnitude of the resultant is equal to sum of the magnitudes of the given vectors 
(iii) The resultant of two parallel and oppositely directed vectors. 


The vectors P and Q are parallel, but oppositely directed. 

So, 0 =180°. ~. cos 180°= -1 

RH = P? +Q? -2PQ = (P-Q)? 

If P» QQR* P-Q. 

Here the magnitude of the resultant in the difference of magnitudes of the given vectors. 

(c) Polygon rule for addition of vectors : The resultant of a number of co-planar vectors can be 
obtained geometrically by the help of polygon rule, According to this rule — 

If (n-1) similar vectors acting at a point in a plane can be represented both in magnitude and 
direction by the (n-1) consecutive sides of a n-sided polygon then the m-th side will represent the 
resultant vector in the reverse direction. 

Polygon rule is actually the extension of triangle law. If we want to obtain the resultant of more than 
two vectors, we first calculate the resultant of first two vectors. Then we combine third vector with the 
resultant of first two vectors. This process continues till the last vector. 


In fig. 6.10(i) A: B, c, D and E are five similar vectors. We have to obtain their resultant by 
polygon rule. We first combine A and B by triangle law to get the resultant Rya AB. C. is then 
vd DS 


~ 


5 
D - 
^ 
sp 
E Fig. 6.10 o 
combined similarly with R, giving their resultant Ry = Rye = A+B+C 
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> > > > > > > > 
Similarly D and R, are combined to get the resultant R, = R} + D = A+ B+ C+ D 
Finally, R; and E are combined to get the final resultant 

= eS RIEGO UE 


> > > f 
R=R,+E=D=A+B+C+D+E 5 lle (i) 


> > > 
We see that it is not necessary to draw intermediate resultants R,, R; and R, . We can proceed by 


drawing the vectors in succession such that tail of one vector coincides with head of the previous one 
to get the final resultant R. It is actually polygen rule. 


= s > > > > > > 

Again, from (i) OU = OP+ PQ+QS+ST+TU 
> > > > > > > 

or, OP+ PQ+ QS- ST- TU- UO - O. 


So, if five vectors acting at a point be represented both in magnitude and direction by five consecutive 
sides of a pentagon then the resultant will be zero. 


Example 6.1. : Show that the resultant of two vectors of equal magnitude bisect the angle 
between the two vectors. 


S 
Solution : Let 0 be the angle between the vector P and Q and their resultant makes angle $ with 
the first vector P. Then 


tan $ - Sin 8 sin 8 EX 


P +Q cos 0 x: 1+cos0 


2 sin 2 ES 
—dÀ 2 wtan® 


8 
- => (Proved) 
2o 9 2 


Ex. 6.2. : The resultant of two forces 3P and 2P is R. If the first force is doubled the resultant 
is also doubled. What is the angle between the forces ? 


Solution : Let 0 be the angle between the two given forces. 
~. R? =9P? +4P? +2.3P.2P.cos@ =13P?  12P? .cos 6 
In the second case, (2R)’ = (6P)^ « (2P)^ +2.6P.2P.cos 6 
^. on R2Sj0piU ep? Bas Hun? AF te (ii) 
from two aqui (i) and (ii), cos 8 = Bs 458—120? 
So, the angle betweent he vectors is 120°, 


Ex. 6.3. : River is following with a velocity of 5Skm/hr. A boat is drawn at an angle of 60* with 
river-current with a velocity of 3 km/hr. What is the resultant velocity of the car ? Calculate time 
required to cross the river if breadth of the river be 500 m. 


Solution ; Consider the fig 6.11 velocity of the river V, =0A 
and that of the boat V, = oc 


So, the resultant velocity of the boat is 


V= Jv? * V2 +2V,V> cos 60° 
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-|5 +3 +25:31 = 7 km/hr. 
Resultant velocity of the boat = 7 km/hr. 
n 609 
andres V; sin 60 


. 3x0-866 
V, + V; cos 60° 


-0-4 .$-tan" (0.4 
= 543x0-5 eon 0) 


2nd Part : Time required to cross the river depends on the component of the velocity of the boat 
normal to the river current. 


Now, component of V, normal to the bank = V. sin PEB km/hr = 2:6 km/hr 
TRUE 9-5 
<. Required time, t= PX 0192 hr 

6.6. Subtraction of vectors 


Subtraction between two similar vectors means addition of one vector with the negative of the 


other. Suppose we want to subtract a vector Q from a vector P The result is R = P-Q- P+(-Q) 


uot 


(ii) R 


Fig. 6.12 


So, the subtraction of Q from p is equivalent to the addition of — Q to the vector p Hence the 
x 
procedure to find P — Q is as follows 


We draw the vectors P. and Q [Fig. 6.12(i)]. If Q is to be subtracted from P , draw the vector 


= Q [Fig. iS 12 (ii)]. Nur a ‘parallelogram is completed with P and — Q as adjacent sides. then the 
diagonal R represents P- Q. 


Now, from equation (6.1), R? =P? 4 Q? « 2PQ cos(180°-6) 


= P? +Q° - 2PQcos 0 


pne Q sin(180— 0) 


.. Qsind 
P+Q cos(180-0) P-Qcos0' 
e Relation between the sum and difference of two vectors : 


In fig. 6.12(a) the sides OA and OC of the parallelogram: pape represents two vectors P and Ò 
both in magnitude and direction. Obviously, the diagonal OB= R is the resultant of the two given 
vectors. E. 


^ 
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iy 
Now, the line CO is extended upto D so that OC = OD. So, OD--Q. Hence the diagonal OE 
> > 
represents the magnitude of the difference P- Q 
E 
So, g, - P- Q 
A 
OE is the magnitude of the difference of two vectors P and Q; 


> > 
So OB is the resultant and OE is the difference of the two given 
vectors, 


* Special Cases : In fig. 2.12(a), if @=90° and P. = Q then 


too. Qen eA Puno eases Fig. 6.12(a) 
P+Qcos@ P+Qcos 90° 

.Qsin(180-0) ^ P.sin 90° 

P--Q-sin(180—0) ^ P.cos 90° 

~. a +B = 45%+45°= 90° 


and tan B= 


21.8245 


So, when two vectors of equal magnitude are at right angles to each other, then their resultant and 
difference are equal in magnitude and are mutually perpendicular. So, R = J2P = 429. 

* Vector summation obeys ‘Commutative’ law : 

The process of Summation of two vectors obeys * commutative lay law’ i e. if the position of the vectors 
are interchanged the result does not change. It means that A+B = BEN 

Proof. Spe" we have to add two vectors A and B as shown in fig. [6. 1206]. First, vector B 
is added to vector A 


1 B 
E DERIT Gn a d 
(i) N (ii) A 
Fig. 6.12(b) 
From the fig. 6.12(b)(ii), 
> > 
R= A+B 


Now, the order of addition is reversed i.e. we add A with B. 


From the fig. 6.12(b)(iii) the resultant is R'— B+A 


> > > > 


Now, from the fig. Ra R^ So A+B=B+A 


Hence Vectors can be added in any order. It means that vecter addition obeys *Commulative law’. 
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* Vector Addition Obeys associative law 


When we warit to add three vectors of same nature, we can first add any two of the given vectors. 
Then we add the third vector with the resultant of first two vectors. So, we can add three vectors in any 
order. It is the associative law of vector addition. Mathematically we write it as 


> > > > [f> > S ~ 
Asi]+€-Ae(BeC) c 
Proof : Let we want to add three vectors A, B and Ç. If we first 
"EM. ef zk 3 ae Q 
add B with A, we get A+B. Next we add C with (4s à). 
B 
cb MS 
The final summation is (s 8j.c ! o " P 
Fig. 6.12(c) 


Now, in fig. 6.12(c), A+ B - OQ 
> > E > > > pe 
e ts B)+€ -60+Q5=08 Pee eee ee eee teens (i) 


Now, first we add c with B to get (8+2) 


E > 


From the fig. BHC = PQ+ QS-P 


Then we add the result of (+ê) with vector A 


> 


>. > > + > > > > . 
i A+( B46) ob «(sos ds) - ob. es - os Las TN (ii) 


>, => > > A > 
From the relations (i) and (ii), [i 8). C= A8 č) 
It means vector addition follow associative law. 


6.7. Resolution of Vectors : 

So far was have considered largely geometrical (graphical) methods for the treatment of 
vectors. However, sometimes it is useful and convenient to use the algebraic method of describing 
and using vectors. This is possible if we learn how to revolve or split a vector into its com- 
ponents. 

What we mean by resolution and by components of a vector 2 

Resolution of a vector into its components means to determine a set of vectors whose resultant is 
the given vector. Each vector of the set of vectors so obtained is called a component of the given 
vector. 


Just as two or more vectors can be replaced by a single resultant vector R , so also we can break 
up a given vector R into two or more vectors. This process of breaking one vector into two or more 
vectors is called resolution and the vectors so obtained are known as components of the original 
vector. 

Thus the process of resolution is inverse to the process of composition of vectors. 
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6.7.1. Resolution of a vector along two arbitrary directions : 


= A E = 
Suppose we have a vector R and we wish to resolve it along any two directions. The vector R 


is completely represented by the directed line segment oc [Fig. 6.13]. The vector R is to be resolved 
into two components along OX and OY. 


The lines OX and OY make angles o and f respectively Y 


with R . From C we draw the lines CB parallel to OX and the xj c 
CA parallel to OY. OACB parallelogram is formed. 


> — , E zh 
OA and OB represents the two components of R along OX Q 


> E 
and OY respectively. Reason is : if we combine OA and OB 
vectors by parallelogram law we get back the given factor 4 
EER Fig. 6.13 
R=0C. 

* Magnitude of the components : 

Considering the triangle OAC we can write 


OA AC Oc P 


HR Se Q R R 
sin OCA sin AOC sin CAO o 


sin B Tsing. Sin[180*-(o. +)| F sin(a +B) 


Here P -|OA|, Q=|AC| and R -|OC| 


sin p sina 
2 and Q- R. — —— 
sin(o +B) Q sin(a+p) on (6.3) 
From these two relations we can calculate the magnitude of the components P and Q. 
Since a and f may be of any value; 


so a vector may have any number of components. But if 
@ and B are fixed then a vector can have only two components. 


© Rectangular resolution of vector. 


When the given vector is resolved into two 
called rectangular resolution of a vector and t 
components. ` 


mutually perpendicular components then the process is 
he two components so obtained are called rectangular 


In fig. 6.14 the axes OX and OY are mutually perpendicular. So, 
%+B=90°. Hence, the rectangular components are : 
_ R.sin(90*-a) 
.. sin 90° 
^PzRcosa,andQ-Rsing,,...... (6.4) 


P =R cos a, and Q=R.sina 


These are the rectangular components of the given vector R. 
: Fig. 6.14 
Evidently R = Jp? +Q? B 


> > 
N.B. The resolved component of any vector R atan angle 9 with respect to it is R, 


- d 2p EE ded 
the component at right angle to R, isR, =R sin 0. 


=) 
=R cos 0 and 
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If 0=90°, cos 0 — 0, It means that a vector has no component or has no effect in a direction 
perpendicular to its own direction. 


Ex. 6.4. : A person pulls a block by a rope attached to it by a force F = 10N. The rope makes 
an angle of 30* with the ground. Find the horizontal and vertical components of applied force. 


Solution : Consider the fig. 6.15. So, the horizontal component 


F; ri of the given force is 
F, =F cos 0 = 10x cos 30°= 8:66N 
30° and its vertical component F, =F sin 0 = 10xsin 30°=5N 
Fig. 6.15 F x 


Ex. 6.5. : A man can swim at a velocity of 5 km/hr. The breadth of a river is 500 m and velocity 
of river current is 3 km/hr. (i) In which direction the man has to swim so that he can reach just 
the opposite point of the bank ? (ii) How much time will he take to go to the opposite bank of the 
river ? (iii) Also calculate minimum time to cross the river. 

Solution : (i) To reach just the opposite point of the bank, the man has to start upstream at angle 
0 with the bank such that the resultant of his velocity Vu and the velocity of the river Vp be 
perpendicular to the bank [Fig. 6.16]. Now, the velocity of the swimmer perpendicular to the bank is 


V= Vy sin 8 
also V= J và - và = 5? -3? =4 km/hr 


y (pi Ole ra or, 0 = 53-1° 
Ve 3 
So, the swimmer has to start upstream at 53:1? with respect to the bank. 


-. The time required to reach the opposite bank of the river is 
EDOS 
V4 
"ly =7-5 min. 
8 


Fig. 6.16 


(iii). To cross the river in minimum time, the man should start perpendicular to the bank. So the 


minimum time is fmin = 2 =0-1 hr = 6 min. 

6.8. Composition of vectors by rectangular resolution : 

Polygon rule provides a geometrical method of composition of a number of vectors. But it is not 
always a convenient method. A simple and efficient method is provided when the concept of resolution 
of a vector in rectangular components is employed. Here any vector is resolved into two mutually 
perpendicular components and then the resultant is obtained by algebraic method. Here we consider few 
co-planar vectors only. 

(i) All the vectors are drawn from a common origin O (ii) two 
mutually perpendicular axis (X-axis and Y-axis) are drawn from the 
common origin. (iii) rectangular components along these two axes of 
all given vectors are determined. (iv) X and Y components of all the 
vectors are separately added (with proper + and — sign). (v) these 
sums are combined vectorically ! to give the final resultant. Fig. 6.17 


Four vectors A B, c and D are drawn from O and all lie in the same plane. Two perpendicular axis 


Phy ()—6 
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XX' and YY' are drawn through O [Fig. 6.17]. These vectors make angles a, , y and 6 respectively 
with positive X-axis. A,, By, C, and D, are X-components of the vectors. Ay, B,, C, and D, are Y- 
components of the vectors. Then 
A, =A cosa, B, =B cos B, C, =C cos y D, = D cos 
A, =A sina, B, =B sin B, C, =C siny D, =D sind 
~<- Sum of the X-components, R, =A, +B, +C, + D, 
and sum of the Y-components, R, =A, +B, +C, +D, 
The resultant R is shown in fig. 2.18 


> R 

- IRIS i 2 2 Rie 
z. |R]= 4R^x € R^, ask kei Fig. 6.18 
Ex. 6.6. : Three forces F, = 60 N, F, = 15 N and F, = 10 N make angle of 60°, 120° and 315° 
with X-axis. Find the resultant of the fore 


Solution : Rectangular components of F, are Fi, = 60 cos 30° and F,, = 60 sin 30°. 
Similar components of F, : Ej, =15cos 120° and Ej, - I5 sin120*. 
Similar component of F; : E;, = 10 cos 315° and E, =10 sin 315°, 


^. Ry = 60 cos 30°+15 cos 1209-10 cos 315°=51-57N. 
R, = 60 sin 30°+15 sin 30°+10 sin 315°= 35-92N 


-. Resultant R=,/R24+R? = (51-53)? + (35-92)? = 62.69N 


R, 35.92 
tanġp= = = 33 74 9.6075 — 39: 25° 
deu SET ? 


6.9. Representation of a vector by co-ordinates : 


(i) In two dimensions : Let OP = A is a vector whose initial point is O and end point is P. We 


require P to be expressed by the co-ordinates of P. We draw two mutually perpendicular lines OX and 
OY from O. It is actually two-dimensional cartesian reference frame. The co-odinates of the point P with 
respect to this reference frame is (x, y). PN is perpendicular drawn from P on OX-axis. 
^ by triangle law Op = GN. NP f PC, y) 
If i and $ are unit vectors along X and Y-axis then, 
> ^ ^ > ^ ^ ; 
ON - (ON)i - x i and NP- (NP) j 2 yj . J 


To LEAI ENA y 
^S OP=r=ix+jyand tanQ@=2. 
x 
Here ^ is the position vector of point P in two dimensions. 


ex 
Fig. 6.19 
ional cartesian reference 
t p = P . H " 
2), its position vector ; can be expressed in terms of its co-ordinates and unit vectors 


n aid k along X-, Y- and Z-axis respectly. In this case OP 


(ii) In three dimensions : If the co-ordinates of the point P in three dimens’ 
frame be (x, y, 


AL Aea ALAA 
=r=ix+jy+kz. 
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Proof : In fig. 6.20, O is the origin. The position vector of the point P has to be expressed in terms 
of co-ordinates of the point. OX, OY and OZ represent the X-, Y- and Z-axis of three dimensional 
cartesian reference frame. The axis OX and OY lie on the plane of the paper, but OZ-axis is perpendicular 
to the plane of the paper. The co-ordinates of the point P are (x, y, z). 


z So, OA = x, OC = y and BP =z 
From the fig. : Gp = OB+ BP 
Again, OB=OA+ AB=OA+0C : 


P(x, y, z) 


> E E > ^ ^ ^^ 

«s OP = OA+OC+BP or, r=ixtj+kz 
E 

"i Iri 4x «y! +27. 


* Direction cosines : So, any position vector can be 


expressed by the co-odinates of the end point of the vector with 


respect to cartesian ordinate system and unit vector along the 
Fig. 6.20 three axes. 


If F vector make angles a, B and y with OX-, OY- and OZ-axis respectively then 


conc: cos ZPOA mos ide ceca 
OP r r 


Similarly, B= e (2) and y = cos"! (5) 


=A 
cos a, cos D and cos y are called the direction co-sines of the vector ; 
Now, let cos a =/, cos B = m and cos y =n 


Dy anc 
x z 
P em en eT 45 21 
r r 
-> ^ ^ Q^ ^ ^ ^ 
r=ix+jyt+kz=ircosa+jrcosB+krcosy 
> ^ ^ ^ = A E yx à ^" 
" ae ; j. . " " " . F: 
<- r =r|li+mj+nk| . Unit vector in the direction of p is r=—s=li+mj+nk 
r 


* We can also express the distance between two point P, and P, in three dimensional space. Let the 
co-ordinates of the two points P, and P, be respectively (n; yv a) and RS » 23) [Fig. 6.21]. The 
position vectors for the points P, and P, are respectively OP, E R and OP, - 5 


> A ^ ^ E ^ 
“oh =x ity, j+z k and n = x, Ep jia k 


Now from the triangle OP; P, 
> E > > > E 
Opis P,P, =OP, or, P,P, = OP,- OP, 


> > 


n PP) =n- n 


=(n -n)i«(v -»)J*(5 ED 
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ATA ^ 
* Like position vector, any vector can be expressed in terms of unit vectors i, j and k together 
> 
with its rectangular components. For example : we consider the force vector F . It has three components 
^ ^ ^ 

F,, F, and F, along the axes OX, OY and OZ respectively. Then F= iF, +j B FKF 
Ex. 6.7. : Calculate the Jagsitude of the vector n OA - = 10i- 12j+ 16k . If 
s 


=OB= ais- Wk: Calculate (i) In* 5j and (ii) IAB]. 
Solution : n - OA - 107-12 j416£ [Fig. 6.21(a] 


2, 
` Its magnitude, 7) =|OA|= V10? +12? +162 = 4500 = 22:37 units 


PP Fi A ^ ^ A wish ^ ^ ^ ^ 
G htn I UM d 


«nene (14 +(7) +(4)° 2 J261 = 16-16 units 


(ii) In this case AB- OB- EE 5 


TER UL 


MS 
-.|AB|- V6? +172 +28? = J1109 = 33-3 units 


Ex. 6.8. : The co-ordinates of the initial point of a vector is (2, 3) and the co-ordinates of the 
end point is (10, 6). Calculate magnitude and direction of the vector. 
Solanan B Hie fig. G-Z); O is the origin. Initial point is A and end point B. So, 


OA - 2143] and OB -107«67 
a B 


2 Ab-08-0A -(10/+6)}-(2i+3)) 
 AB=87+37 
JABE V8? 43? 2 73 2 8.54 units Ke X 


tan 9 == === 0:375 ^ 08-2033 Fig. 6.21(a) 
x 


Ex. 6.8(a). : The position vector of a particle is ; = 2153: 4k - Calculate unit vector along p. 


zn y 
Solution : Let n be the unit vector along + . Then 


^at. EIA | 2643 jab 
jr] 22832442 X429 


It is the required unit vector. 
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6.10. Relative Velocity : 
A body is said to be in motion when it changes position with respect to the surrounding. All motions 
are relative. We usually study the motion of a body with respect to the earth. So velocity of a body means 
` velocity with respect to the earth. Since earth itself is a moving body, when we mention velocity of a 
body, it is the velocity relative to the earth. It is not absolute velocity. 
Sometimes we are interested to find the velocity of a moving body A with respect to another moving 
body B on earth's surface. We call it *velocity of A relative to B'. So 
Relative velocity between two bodies which are moving with respect to the earth, is defined as 
the velocity of one body with respect to the other body. 


How relative velocity is calculated ? 
The relative velocity of one body with respect for a second body is the vector difference of their 


ee t y ï 
velocities. Thus if V, and Vg. be the velocities of two bodies A and B then velocity of A relative B 
- > E > g 4 3 > > > y n bey 
is Vas = Va~ Vp and velocity of B relative to A is Vg, = Vg- V4 . Evidently y,, =-Vpa 


Examples : (i) Let two trains are moving in the same direction with equal velocities along two 
parallel tracks. The passengers of the two trains will observe as if both the trains are stationary. Here 
velocity of one train with respect to the other is zero i.e. their relative velocity is zero. 

(ii) If the speed of one train is greater than the other, the passenger of the fast moving train will see 
that the other train is moving backward. This backward motion of the slower train is the relative velocity 
of the slower train with respect to the faster train. On the other hand, the relative velocity of the faster 
train with respect to the slower train is in the forward direction. 

(iii) From a moving car, houses and trees on the road side appear to move in the opposite direction, 
although they are actually stationary. It is the relative velocity of the houses and trees with respect to the 
car. 


6.11. Calculation of relative velocity : 
4 


Between two bodies A and B, relative velocity of A with respect to B is Vay = TE V, 6:5) 

Now we consider different cases : 

* (A) When A and B are moving in the same direction. 

V, are Vg are the velocities of two bodies A and B. If they move in the same direction then the 
relative velocity of A with respect to B is given by the expression V4g = V4 — Vg [Fig. 6.22] 

Similarly, the velocity of B with respect to A is Vga = Vg — Va 


In this case the relative velocity is equal to the difference between the two velocities. 


EX. pud E Te am — 
5 ave ] VA n OP TAE, M? 
Vg VAB7VA-Vp Boys Be rot 
(i) 1 (ii) (iii) 
Fig. 6.22 


e (B) When A and B are moving in the opposite direction. 
Now, the velocities of the two particles of A and B are V, and -V,. [Fig. 6.23] 
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one body with respect to the other [equation 6.5]. 
with velocity Vg [Fig. 6.23a (i)]. In diagram OP = V4 and OQ = Vg . Now to obtain velocity of A 
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-V 
(ii) 
6.23 


ae á 
() 
Fig. 6. 
The velocities are oppositely directed. So, the velocity of A with respect to B is 
) * V4 + Vaand velocity of B with respect to A is Vg, 2 -Vg -(Va)=-(Va Vg) 


In this case, the relative velocity is equal to sum of the two velocities. 


-Vp) = 
(C) When A and B are moving from the same point in different directions. 


Vas = Va -( 
Here we assume that the two bodies start from the same point along two straight lines which are 
inclined at a certain angle. The vector difference of their velocities will denote the relative velocity of 
> 


(i) Assume that the body A moves along OX with velocity V, and the body B moves along OY 
> > 
is draw from the same point O. So OQ' = E. 


* * -3 
T to B i.e. We , the arrow representing Na 
vie is the foung by adding V. with — Vs by the parallelogram law. 


jc cabe 
(ii) 


V 


P' 


Fig. 6.23(a) 
Now, the parallelogram OPCQ' is completed. Its diagonal oc completely represents vine It means 


that with respect to B, the body A will move along OC with the velocity Vig 
The pos ving and direction of M can be calculated by er dba: law. If @ be the angle 


between V, and y, then |Vjs P =V) Psi Va P«2]V LIV] cos(180°-6) 
2V; Vg.cos 8. 
Vz -sin 0 


ue Vin = = vz E Vi 
Vp -sin (1809-0) : 
P V4 — Vg cos 0 

(ii) SINT un calculate the velocity of B with respect to A, the draw -V, from the same point 


p Va + Vg cos(180*-8) 
O. Hence OP" = E and complete the parallelogram OQC'P' [Fig. 6.23a (ii)]. The diagonal oc' 


and tan 
represents Via both in magnitude and direction. So with respect to A, the body B wity move alóng OC' 
Va -sin 6 
— V4 cos 8 


with the velocity Vy, where Vi, = V2 +V2-2V, Vg.cos0. and tan >= vs 
Special case ; (i) If @ = A then MUN = V,—- Vp (ii) If 9 = 180° then: Vin =iVg M. 
3 AG As SUL RY cre (6.6) 


Again from equation 6.4, A = Va+ Vin 
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So, when two bodies are moving relative to each other, the velocity of the first is the vector sum 
of the velocity of the second body and the velocity of the frist relative to.the second. 


Relative Acceleration : The rate of change of velocity of a body with respect to a second body ‘is 
called the relative acceleration of the first relative to the second. It is the vector difference of the two 
accelerations (relative to earth). Let a, and ag be the accelerations of the two bodies (with respect to 
earth) thest acceleration of A relative to B is 


> d > d(> > > > 
aag -3(vs) -z( i-w)- dA — dg 

Ex. 6.9. : Rain is falling vertically with a velocity of 4 km/hr. A man is walking along a horizontal 
road with a velocity of 3 km/hr. Calculate relative velocity and apparent direction of rain. 


> — 
Solution: Let Vy and V, be the actual velocity of rain and of the man respectively. Then relative 
> ay ey 
velocity of rain with respect to man is Vrm = Vg — Vy 


> > > 
In fig. 6.24 OA and OB represent the velocity of man Vy and 
> 
the velocity of rain Vg respectively. — Vu is drawn from O. So, 
5 
OA =- Vy - Then the diagonal OC of the parallelogram OA'CB 


completely represents the relative velocity of rain with respect to the 
e 
man. So, OC = Vrm. 


Va = VÈ +V = 3 +4? [Vp=3 km/hr and Var74 km/hr] 


and ‘tan 6 = YM = 3, 5 Pct (2)-3e. 
Wc 4 


So the rain will appear to fall with the velocity of 5 km/hr at an angle of 369? with the vertical. 


6.12. Multiplication of vectors : 


. ln different branches of physics. specially in mechanics we consider two types of multiplication 
between two vectors : 


(A) Scalar product or dot product 

(B) Vector product or cross product. 

In the first case the product is a scalar quantity and in the second case the product also is a vector 
quantity. 

*(A) Scalar product of two vectors : 


> > dye 
The scalar product of two vectors A and B is denoted by A. B. It has been agreed to define the 


scalaf product as follows. 
> 


B 1B 
1 
I 
I 
I 
1 
I 
] 
x m B cos 0 c > 
@ A ' (ii) A (iii) A 
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Ihe scalar product (dot product) of two vectors A and B is defined as the product of the magnitudes 
of A and B multiplied by the cosíne of the angle between the vectors. 


" A: B -JAI |B] cos 0 = AB cos 0 


An alternative definition of scalar product is obtained from the fig. 2.25(ii) and (iii). The scalar 
product of two vectors is the product of the magnitude of ons vector with the magnitude of the component 


of second vector in the direction of the first vector. So, A: B - A(B cos 0) = (A cos 6)B 
* Scalar product of the unit vector i, j aka? along X, Y and Z-axis. 


TRA. ERAN E A A 
i-i =|i||i|cos0°=1-1-1=1 Similarly i: js kel 


But /.-i||/|cos9tu0 je] A Ri =o 
© If a scalar product is taken with itself, the product is equal to the square of the magnitude of the 
vector. 
^ £ 
A-A =A A cos 0°= A?* 
* The Scalar product of any two unequal vectors in terms of their components is 
- -9 ^ ^ ^ ^ ^ ^ 
K&- (1o, LS +jB, +k B) =A,B, +A,B, +A,B, 
* Two vectors are parallel if their scalar product is equal to the product of the magnitudes of the 
vectors. 
A-B = AB cos 0 or, AB = AB cos 0, or, cos @= 1 
* Two vectors are mutually perpendicular if their scalar product is zero. A . B=0 
“AB cos8=0 or, cos @=0[ +: AB# 0].. 0 =90° 


- 


* Scalar product is commutative : It means A - B-B. 
It follows from the definition of scalar product. When 


anticlockwise, it is positive. Then X B = AB cos 6 


- 
A 
we consider rotation, if the direction is 


But for BA the rotation is clockwise 9 is negative 


` B-A = AB cos(-6) = AB cosó [ cos (-0) = cos 6]. A.B=B-A 


* Distributive law hold in the case of scalar product. 
- (2 Y 2 4's 3 
Here A (B+C)-2 Bod 2 
It can be verified by geometrical method. 
* Few applications of scalar product : 
(i) Work : Work done is the scalar product of force F and the displacement 7. So, w- T. 7 
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(ii) Power : Rate of doing work is power. It is the work done per unit time. So, 
Ww FPrI 


P s — e—a F y 


(Ub Magnetic fhri > passing through ian ama À. ie ho stelar prodéet of fon denelty:® end the ares. 
So, bB- 
* (B) Vector Product of two vectors : 
The vector product or cross product is defined as follows : 
The vector product of two vectors A and B is defined as a vector whose magnitude is given by the 
product of magnitudes of A and B multiplied by sine of the angle between the vectors. 
If O be the angle between the vectors A and B, the vector product 


p- E 
c ^ $ 
J D, is Ax B « AB sin 5 C 
"c n is a unit vector in the direction of Cand C is a vector 
= " perpendicular both A and B [Fig. 6.26]. In other words, the direction 
A Fig. 6.26 of the vector C is perpendicular to the plane containing vectors 
2s A and B 


The direction of C is determined either by serew rule or by right hand rule, (i) According to 
screw rule if a right handed screw is tumed from A forwards B through smaller angle, the direction 
in which the screw advances gives the direction of the product vector C . 

(ii) According to the right hand rule, if we fold our right hand with thumb erect and fingers folded 
such that they point in the direction of rotation from vector A to vector B through the smaller angle, 
then the direction of thumb gives the direction of vector © [Fig. 6.27]. 


č 5 c 
| B 
p z me 
, "mus 
fi emu. 
9 y^ e 
A 
Fig. 6.27 


* Properties of Vector product : 

(1) Vector product is not commutative i.e. in writing the vectors in the product, order of the vector 
is important. 

Here Ax B=-BxA 

By definition AxB=C when |Cl= AB sin 0 and Bx A =D when |D|= AB sin 0 

So, C and D vectors have same magnitude, But according to right handed screw rule if C points 
in one direction D points in opposite direction. So C and D are opposite vectors. 
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(2) If Ax B=0 then (i) A =0 (ii) B=0 or (iii) 0 — 0° or 7 i.e. the vectors are parallel or antiparallel, 
a > > > > > 
(3) Vector product of two equal vectors (4 and a) is AxA=0 


(4) The vector product of three unit vectors i j and $ which acts along X-, Y- and Z-axis 
spectively. 

(i) "oce DUX eu ERU and fused pe 

Oni pul kxk= 0 eh abe : p 

(5) The magnitude of the vector product of the vectors A and B 
s equal to the area of the parallelogram whose two adjacent sides are 


> > 2 B 
A and B [Fig. 6.28]. 
>, > > A 7 ^ 
Now |Ax B|=|AB sin 0 nj= AB sin 9| +. |n|=1 
(6) A D 
N = OD x distance of the side from F " Fig. 6.28 
., = OD x FG = area of the parallelogram: ODEF. 
y * Examples on vector product : 
P (1) Linear and angular velocity of a rotating particle : 
Let a particle is rotating about the axis ON with angular velocity 
| c . If the distance of the particle from.the axis be r then the linear 
alo fs, velocity v = ro. 2 
The direction of v and œ are shown in fig. [6.28(a)] 
o If the point O on the axis be the origin then the position vector 
Fig. 6.28(a) of the particle at P is OP =r. If ZNOP=6 then V-7xg 


(2) Moment of a force or torque : 


In the fig. 6.29 the rigid body B is hinged at O and a force T 
applied on it. The body will rotate about the point O. The turning 
fect of the force is expressed by the moment of the force or torque. 
rque is measured by product of the force and its normal distance 
om the point O. 


^. Torque t= FxON — F(OP sin 0). 
y dX y RA e 
t=rxF [ r = radius vector OP] 


(3) Force on a current carrying conductor in a magnetic field : Fig: 6:29 
When a current carrying conductor is placed in a magnetic field, it experiences a magnetic force. 
fig. 6.30, the conductor PQ of length / is placed in the magnetic field of intensity B. It carries a 


rent I. The force acting on the conductor is COWON I ER 
> (> > 
F-BI/-sin8 Ss Fea(r«) PXI 
ee eee 


This force is perpendicular to both / and B. Fig. 6.30 
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(4) Force on a moving charge in a magnetic field : 

" k a When a charged particle moves in a magnetic field a force acts on it. If q 
be the charge of the particle, its velocity be v and SUID of magnetic field 
be B then force acting on the charged particle is 


E > > 
x F=Bq vsin0 sese) 


. t 1 "n = ag . 
x Since this force is perpendicular to both v and B, the particle 
experiences a side way deflection. 


So,.if v and B are mutually are right angle then F=B q v. 


Fig. 6.30(a) Inside the magnetic field the particle will describe a circular path when 
projected perpendicular to the field as this force F acts as a centripetal force. 


Ex. 6.10. : A force F -(sis 2)^ ai) N acting on a particle displaces the particle from its 
initial position (2i 3j« så) to the final position (ui. iss). How much work Hs«done ; 
Solution : Displacement of the particle, Seite = (ies) jest) 
s 1274 si) 


> >> ^ ^ ^ ^ ^ ^ 
-. Work done, W = F.S («223i (feas = 50 + 24 + 39 = 113 joule 


> 


Ex. 6.11. : The force vector F - 4N and radius vector r =5-0m are inclined at 60° with each 
other. Obtain the vector product TE What physical quantity is expressed by this product ? 


sop ^ ^ ^ 
Solution : rx F =r F sin 0° n=4x5xsin 60? n —217.32nN-m 


-> > 
s |r x F[217:32N - m 
The Product is a vector and is known as torque. 


* SHORT-ANSWER TYPE QUESTIONS (With Answer) è 


Question 1. Can the resultant of two unequal vector be zero ? 
Ans. The resultant of two unequal vectors i.e. two vectors of different magnitudes can not be zero. 


> E 
Reason : Let P and Q two vectors are inclined to each other by an angle 0. The resultant is 


R-4P? +Q? +2PQ cos 0 


It @=180°, R will be minimum. ~ Rp = P-Q Since P#Q, (P-Q) * 0, Rmin #0. 
Q. 2. Can the resultant of three vectors of different magnitudes be zero ? 
Ans. The resultant of three unequal vectors can be zero. 
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Condition : If the three vectors be of such magnitudes and directions that they can be represented 
both in magnitude and direction by the three sides of triangle taken in order, then the resultant will 


be zero. In this case the resultant of any two of the three vectors will be equal and opposite to the 
third vector. 


Q. 3. A number of forces acting at a point are of such magnitudes and direction that they can 


be represented both in magnitude and direction by the sides of a closed polygon. Calculate the 
resultant of the forces. 


Ans. The resultant of a number of coplanar forces which can be TANE by sides of a closed 
polygon is zero. 


E > 
€ B 


D c 
T R 
^ D 
i > 
i 3 
Pais: E P Ae 


Fig. 631 Gi) 
ep cci EE + 
Explanation : We consider five forces A, B, C, D and E which act at O [Fig. 6.31(i)] and they are 


represented in magnitude and direction by the five consecutive sides of the pentagon PQRST [Fig. 
6.31(ii)]. 


According to polygon rule : PO+OR+ RS+ST= PT 
ae ae > c ue p 
“ A+B+C+D=-TP=-E ~. A+B+C+D+E=0 


Q. 4. Show that the magnitude of the ‘cross product’ of two vectors is equal to the area of the 
parallelogram whose two adjacent sides are the given vectors. 


Ans. Let 0 be the angle between the two vectors A and B " 9 
-> > 
*. |Ax B|= AB sin 0 B 
OPQR parallelogram i is formed of which the two adjacent sides 
OP =A A and OR = Band and the angle between OP and OR is 0. 
Now, the area of the polygon OPQR is = 2 x area of the triangle O 4 P 
OPR = 2x5 xOPxA = AB sin 0 A 


CA Fig. 6.32 
w |Ax Bla AB sin 0 — area of the parallelogram OPQR. 


Q. 5. If P«Q- R and P * Q - R, what is the angle between the vectors P and Q- 


Ans. Let 0 be the angle between the.two vectors P and Q. Then, 


|P+Q\=/P?+Q?+2PQ 0 cos0 or, R =P? +Q? +2PQcos 0 


(P QJ = P? - Q? +2PQcos 0 `~ 2PQ(cos0-1)=0 ..cos0-1 ..0 
* Angle between the vectors is 0°. 


=0°. 
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Q. 6. Show that |P* Q|s|P|«]Q] 
Ans. In the parallelográm-OACB, OA = P and OB» Q 


TS 
Now, in the triangle OAC, OC < OA + AC 


But {OC}={P+O}, and|OA|* OA =P] 


AC * OB * magnitude of the vector Q «0i 


VUES Qoo] IPrOIIPIHOI 
a 
If the angle between the vectors P and Q be 6 =0° then, 


|P+Q\=|P|+/0| 


Sh ni eer 
In general, |P* Q|SIP[*|QI 


Q. 7. Show that the sum and difference of two mutually perpendicular and equal forces are 
equal and they are also mutually perpendicular. 


Ans. Let two equal forces each of magnitude P are Topresented "by the 
two adjacent sides OA and OC of the rectangle OABC. So, OA -0c = P 
[Fig. 6.34]. Evidently the diagonal OB represents the resultant R which 
bisect the angle ZAOC. So, ZAOB *45*. 


Again, OD represent, the vector -P 

Hence the resultant of the two vectors OA MP AN ÓD--P 
is OE- R' 

R' vector also bisect the angle ZAOD. So, ZAOE = 45° 

ZBOE = ZAOB+ ZAOE = 90° 

Also, OB=¥2P and OE = V2P ~. R=R’ 

So, when two equal forces (or vectors) are mutually perpendicular then their sum and difference are 
equal and are also mutually perpendicular. 

Q. 8. A passenger in a moving train will observe that the rain is falling obliquely although it 
is actually falling vertically. Explain the observation. |H.S. 1979] 

Ans. To a passanger sitting in moving train, the rain will appear to fall with the relative velocity 


with respect to the train. If Ve be the actual velocity of rain and Vr that of the train, then the velocity 
of rain relative to the train or the passenger is Vay = Vg- Vr 


^ i y. 
and the angle of inclination of Ver with the vertical is tan 0 = Ve 
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So, when the train is moving, the passenger of the train | 
will see as if the rain is falling obliquely although the rain is | 
actually falling vertically. [Fig. 6.35] 

Q. 9. A wheel of radius R is moving on a horizontal 
road. What will be the displacement in contact with the Vr ie — — 
ground when the wheel rotates half round. 


Ans. In the fig. 6.35(a), P is the initial position of the | 
point of the wheel in contact with the road. The position of the | 
wheel after half rotation is also shown. So, the horizontal = ae V 
displacement of the point P is = PP’ and its vertical displacement Ver : R 
P'Q' e Fig. 6.35 
^. PP' 2 tR and P'Q' -2R 


2 mR 
Fig..6.35(a) 


NUMERICAL PROBLEMS 


Example 6.12. : The maximum and minimum values of two forces acting at a point are 
respectively 15N and /7N. If each force is increased by IN and if these two new forces are at 90° 
with each other, calculate their resultant. [H.S. 1998] 


Solution : Let the initial value of the two forces be P and Q. 
Then P +Q = 15N and P - Q = WN. 
From these two equations, P = 11N, Q = 4N. 
When each force increased by IN then P, = P+ 1 2 11 4 1 7 I2N 
and Q =Q+1=4+1=5N. 
These two forces act at right angles, so the resultant is 
R =V12? +3? =13N 


Ex. 6.13. : Two forces P and Q are inclined at a certain angle. Their resultant R makes angle 


6 with the force P; show that the resultant of two forces (P + R) and Q inclined to each other by 
the same angle, will make angle 0/2 with the force (P + R). 


Solution : Let the two forces P and Q are inclined to each other by angle a. As the resultant R makes 
angle @ with P we write 


Qsina 
tan 0 = 
P+Qcosa "ost (i) 
and R? =P?+Q?+2PQcosa.......... (ii) 


Now, let in the second case, the resultant of the two forces (P + R) and Q make angle 0, with the 
force (P + R). 
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Q sina 
(P-- R) * Q sin a 
tanO - tan0, 
12-tanO-tan 0, 


7. tan; = (iii) [a is also the angle between (P + R) and Q] 


Now, tan (0-8;)= 


Qsina Qsin a 
P+Q cosa - P+R+Q cosa 
* Q? .sin? a 
(P. Q cos a) [(P-- Q cos a)+ R} 


1 


5T . R Qsina 

E (P +Q cos a) [(P +Q cos a) +R]+Q? sin? a 
ie RQsina 
ER? +R(P+Q cos a) 
A Qsina 

z (P+R)+Q cos a 


[by equation (i)] 
= tan 8} [by equation (iii)] 


(3 
< 0-0,=09, = b [Proved] 
Ex. 6.14. : The co-ordinates of two points P and Q are respectively (—4, 3, 5) and (3, -1, 4). 
> 


Express the vector PQ in terms of co-ordinates and calculate its value also. 
apie YK 
Solution : The position vector of P, n =3i-j+4k 
= ^O^ ^ 
and the position vector of Q, r, =3i- j+4k 
> > > ^O^ ^ ^ ^ ^ ^ ALA 
s. PQ=Hh+h = sijeak)-(-siea}esik]-(7i-4i-4) 
; 57 20872/7:32 
;, Its magnitude |PQ|- V7 +4° +1" = 4/66 units 


> ^ ^ 
Ex. 1.14(a). : The position vector of a particle is r = (e - 1) i 2t j . Determine the locus of the 
particle in X-Y plane. [Tripura J.E.E. 1995] 


Solution : If the position co-ordinates of the particle be (x, y) then x= t? -land y 2 2t 


2 
Z0 2p ny? =4(x41) 


It is the equation of locus of the particle. Evidently the locus is a parabola. 


Ex. 6.15. : Two forces one being the double the other are acting at a point. The resultant of 
these forces makes an angle O with the larger vector. Show that © can not be greater than 7/6. 


=> > > 
Solution : The resultant of two. forces P and 2P is R [Fig. 6.36]. 
E 
R is inclined at angle 0 with larger force 2 P . 
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Now, from the triangle OAB, 
OA AB 2P 


x ju 
= = or, —— — ——- or, sin 0 = —sin a. 
sina sin@ "sina sing ” 2 


1 
Now, sin a +1, sing 2037 


T ^ 2 
So, 0 can not be greater than 6" Fig. 6.36 2P 


Ex. 6.16. : To a person moving on a horizontal road with a velocity of 3 km/hr, the rain 
appears to fall vertically downward with the velocity 4 km/hr. What is the actual velocity and 
direction of rain ? 


Solution’: Consider the fig. 6.37 
Velocity of man Vm 7 OA =3 km/hr and the velocity of 


rain with respect to the man is Vie =OB= 4 km/hr. 
: , > > -> > 
If actual velocity of rain be Vp then Vey = Vg- Vm 


“Vr = Vam+ Vm 
Evidently, the diagonal OC of the parallelogram OACB 
gives the actual velocity of rain Ve $ 


“Vp =OC = VOA? +AC? = 32 442 = 5 km/hr 


-1 OA d 
The direction of rain is given by $= tan “= = tan e 


Solution : Initial velocity of the car (40 km/hr) is Tepresented by the line OD and corresponding 
apparent velocity of the wind relative to the car is OA. 


BUE, zt 
So, OD = Vc and OA = Vye 


> > >o > 
It Vw be actual velocity of the car, then Vw 7 Ves Vc 
Evidently, the diagonal OE of the parallelogram. represents the 
'actual velocity of the wind WS. 
In the second case, the velocity of the car (20 km/hr) is denoted 


> AH — > l 
OC. So, OC = Vi. OF represents — Vo . Now, the diagonal OB of the 
parallelogram OEBF gives the relative velocity of wind with respect 
to the car in the second case. 
For the question, OB is in the direction of North-west. So, 


ZAOB = 45°.. Also OC = AB = 20 km/hr. Hence in the triangle OAB, 
Fig. 6.38 OA = AB. 
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From the triangle ODE, the actual velocity of the ‘wind is 


Vy = OE = VOD? + DE? = 40? «20? = 20/5 km/hr. 
-ı DE 
Its direction with respect to the vertical is $ — tan Las 
-1{ 20 e. 

= tan (&)- tan" (0-5) east of south. 

Ex. 6.18. : The result of a horizontal force and a force which makes 60° with the vertical is a 
vector P which is also vertical and perpendicular to the first force. Calculate the value of component 
forces. 


e > 
Solution : The component vectors are A and B as shown in fig. 6.39. 


B-sin 150° 


Now, tan 9095 ——— — — 
A + B cos150* 


~<. A +B cos Ist*- 0r A =B: 


Again, P? =A? +B? +2AB cos 150° 


(Bs +B? Xa 
2 5 


2 
Fig. 6.39 
-3p?+p?-3p? =1 8? 
4 ET 
45 S 5 
-nB-2P and A =*—-2P = J3P ~. Components are 43 P and 2 P . 


Ex. 6.19. : Calculate the unit vector which is perpendicular to both the vectors A = 3i4+ Je 2k 
PET S A 
and B=2i+2j+4k. 


> > > ^ 
Solution : We know that the vector Ax B. is perpendicular to both the vector A and B. If n be 
the unit vector then, 


-> > 
^ AxB Ee: AA LA A A ^ A n A 
n-———À- Now, AxB=|3i+j+2k |x 2i-2 j+4k |-8i-8 j-8k 
[AxB | 5 
> > ^ 8i-8j-8k 
and [Ax B|- V8? +8? +8? = 8/3, Se ye 


8v3 c 
Ex. 6.20. : A boat and a motor launch starts from the same point in two directions making an 
angle œ with each other. Speed of the launch is m times the speed of the boat. To a passenger of 
the boat, the launch appears to be moving at 45* to the direction of motion of the boat. Show that 


sin 2a = (n? - 1)/m?. 
> > 
Solution : In the fig. 6.40, velocity of the boat OA = Vg and the velocity of the motor launch, 
OB=V, -mV, and ZAOB=a. In the fig. OC = - Vy 


Hence the diagonal OD denotes the relative velocity of the launch with respect to the boat. 


Phy (1)—7 
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Let OD ER Hence from the question the vector R is inclined at 45° with OA. Now, from the 
parallelogram 


tan 135°=—_V sin ZBOC — — mV, sin(180°-6) 
Vg + Vj cos ZBOC Vg +m Vg cos(1809—9) 
oem or, m sin & 2 m cosa.- 1 
1—m cos « 
<- m(sin a — cos a)=-1 m? (1-sin 2a) - 1 
Minos s ma Fig. 6.40 


;- (Proved) 
m 


Ex. 6.21. : Two ships are at a separation of 20 km along the north-south direction. The ship 
which is towards north is moving towards west with a velocity of 20 km/hr. The other ship is 
moving towards south with a velocity of 20 km/hr. (i) When the ships are nearest what is the 
distance between the ships? (ii) After what time the ships will be nearest ? 


Solution : In the fig. 6.41, A and B are the initial positions of the ship. So, AB = 20 km. The ship 
at B moves along BB' and the Ship at A mass along AB with equal speed of 20 km/hr. 


Let the ships are nearest after / hr. During this time the Ship B travel BB' and the ship A travels AA’, 
<- BB' = 20t km and AA' = 20; km. ., A'B = (20— 201) kms, N 
The separation between ihe two ships is x = A'B' (let) 
^ x = (BBY)? +(A’B)? = (207)? * (20- 207) 
= 800r? — 8001 + 400 
72004 -41 +2) = 200|(2r - 1+ | 
So, for minimum value ofx2t-1 p= ih 7 30 min. 
Now, the minimum value of x is De - 200 
7 Xmin 7N200 214-2 km 
-. Nearest distance — 142 km and time — 30 min. 


A. Short Answer type questions : 


1. What do you mean by a reference frame ? Does the magnitude of a quantity depend on reference frame ? 


[H.S. 2003) 

2. What is the difference between the addition of vector and scalar quantities ? In Which case the results of 

this addition will have the same magnitude ? ]H.S. 2002] 
3. What is a unit vector ? How can à vector quantity be expressed by it ? Can three vectors of equal magnitude 

be added to give a vector of same magnitude ? Explain. |H.S. 2001] 


of them ? Explain. [H.S. 2000} 
5. What are vector quantities ? Give examples. How is a vector represented geometrically ? 
6. Find out the vectors from the following quantities : 


speed, displacement, velocity, time, area, specific gravity, force, Pressure. work, energy, power, momentum, 
heat, specific heat, temperature, torque. 
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7. Can the sum of two vectors of different megnitude be zero ? Is it possible in case of three vectors ? Explain. 

8. Under what condition a body will be in equilibrium if three forces act, simultaneously on a body ? 

9, Show that if three forces are represented both in magnitude and direction by three consecutive sides of a 
triangle then the resultant is zero. 

10. A number of vectors are represented by the sides of a closed polygon. What is the resultant of the vectors? 

11. A force F = 50N acts on a body along x-axis. If the mass of the body be 10 kg, what is the acceleration 
of the body along X- and Y- direction. 

12. What should be the angle between two vectors of equal magnitude so that magnitude of the resultant be 
half of any of the two vectors ? ` 

13. Show that if a weight is suspended from the mid point of a horizontal wire, it can not remain horizontal 
any longer. e 

14. Two vectors act at a point. When one vector is reversed the resultant rotates by 90°. What is the relation 
between the vectors ? 


15. The vector P and Q are related by [P+ Ol=|P-QI- What is the angle between the vectors ? [Ans. 0 = 90°} 


16. Show that the two vectors A = 2i+ ay and B= 61-47 are mutually perpendicular 

17. The co-ordinates of the initial point and end point of a vector are respectively (2, 3) and (10. 6). What is 
the magnitude and direction of the vectors ? [Ans. 857 : 20° 3s] 

+ + - 

18. The resultant of two vectors P and V2 P is a vector P which is perpendicular to the first vector P , What 
is the angle between the component vector ? [Ans. 135°] 

19. A vessel is being filled by rain water. Will the rate of filling the bottle change if wind starts flowing 
horizontally. 

20. A physical quantity has both magnitude and direction. Is it sufficient for a quantity to be a vector. Give 
example. 

21. Five vectors are represented by five consecutive sides of a pentagon. What will be the resultant ? 


22. Can the summation of three unit vector be a unit vector. LE E] |H.S. 1998] 


23. Show that the magnitude of the vector G à) can not be greater than P + Q or less than P-Q. 


24, Show that : (i) |P«QIs|PI«Q] (i) |P- QiIPI-IQI 
25. Can the magnitudes of sum and difference of two vectors be equal ? 


26. 0 is the angle between the vector P and Q . Show by resolving the vectors into rectangular components 


» 1/2 
that the magnitude of the summation of the vectors be R =(P? B Q * 2PQ cos 0) 


27. (i) What is the angle between the vector (^ i) and x-axis ? 


9 


(ii) What is the angle between the vectors Px Q and Ox 


^ A 


^ 
(iii) What is the angle between the vectors P+Q and Px Q ? 


i 
^ 
Q 
and P? +Q?=R?. What is the angle between the vectors P dnd Q : 


and P + Q = R. What is the angle between the vector P and Q ? 
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B. Essay type questions : 


1. Applied force and displacement produced on a body are vector quantities. Explain whether work is a vector 
or not ? 


2. Write down the law of triangle in the case of addition of vectors. Show that the polygon rule can be proved 
from the triangle law. |H.S. 1993] 


3. State the parallelogram law of vector addition. With the help of this law, determine the magnitude and 
direction of the resultant of two vectors acting at a point and inclined to each other at any angle. 
[H.S. 1998, 1992] 


4. (a) Can the magnitude of the resultant of two vectors of equal magnitude be equal to the magnitude of any 
of the vectors ? 


(b) A particle travels a distance ‘a’ along a straight line. Then it describes a distance ‘b’ along a straight line 
which is inclined at angle © with the first line. What is the resultant displacement ? 


5. What is meant by the difference of two vectors ? Two vectors A and B are inclined at angle 0. Find the 
* mon à " 
quantity |A— Bj mathematically. 


6. What is position vector ? How can you represent the position vector of point by its co-ordiantes ? 
7. What is meant by resolution of a vector ? How do you find out the rectangular components of a vector ? 
[H.S. 1988] 


8. A number of co-planar vectors act at a point. How would you proceed to obtain the resultant of the vector 
by rectangular resolution of vector method ? 


9. What is meant by a unit vector ? How would you express a vector with the help of its components and unit 
vector along them ? [H.S. 1995] 


10. What is relative velocity ? Explain it ? [H.S. 2003] 


11. (a) Two particles starts from the same point in two different direction. Calculate the relative velocity of 
one particle with respect to the other. , 


(b) To a passanger on a running train the rain appears to come obliquely although it is falling vertically. 
Explain. 


12. The points P and Q have co-ordinates (x), vi. z1) and (32. Y2. 22) obtain the vector PQ and unit vector 
along PQ B 


13. The magnitude of the resultant of two equal vectors is equal to one-third of one of the use of the vectors. 
Calculate the angle between the vectors. 


14. Between two moving particles the velocity of one moving particle is twice the velocity of the other. They 
are moving at 60° with each other. Calculate the relative velocity of one particle with respect to the other. 


15. Two vector E and B are inclined at angle 0. Find the resultant by the method of components. 
16. The two vectors A and V2. A have the resultant R which makes an angle 0 with the larger vector. Show 
that © cannot be greater than T, 


4 
17. (a) Show by vector method that the line joining the mid points of any two sides of a triangle is parallel 
and equal to half of the third side. 


(b) Represent a vector by co-ordinates in two dimension and three dimensional Space. 


- The magnitude of the resultant of two forces 3P and 2P is R. When one force is doubled the magnitude 
of tl sultal is also doubled. Calculate the angle between the forces. 4 [Ans. 120°] 
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C. Simple Problems : 


1. A boatman can row directly across a river in time ¢, and an equal distance downstream in time 15. If u be 
the speed of the boat in still water and v that of water of the river, then find the relation between 4, and b». 


[Ans.1 it = uev idu- »] ms. 1988) 


2. To a man walking on a horizontal road with a velocity of 3 km/hr, the rain appears to fall vertically 
downward with a velocity of 4 km/hr. Calculate actual velocity and direction of rain. [Ans. 5 km/hr, at tan! 4/3 
with the vertical] 


^ ^ 
3. The maximum value of the resultant of two vectors P and Q (P > Q) is x time the minimum value of the 
resultant vector. If the angle between the vectors be @ and if the magnitude of the resultant be half of the maximum 


-(? + 2) 
2(x? -1) 


4. Obtain the relation between the vector A and B. in the following cases : (i) A+B=C and A+B=C 


value, show that cos 0 = 


Ia EIER eR m n P E E 4 
Gi) A+B=C and A? +B? - C?. [Ans. (i) A and B are parallel (ii) A and B are perpendicular of each other] 


5. A particle is moving in a plane. It travels 4m south-west, then 5m towards east and finally 6m at 60° north 
of east. Draw the vector diagram of displacement and also calculate total displacement from the starting point. 
[Ans. 5:68 m at 24° 36' north of east] 


6. The resultant of two forces mutually at right angles is 50 gm-wt. If the resultant makes an angle of 30° with 
one vector, calculate the value of the two forces. [Ans. 453 gm-wt ; 25 gm-wt.] 


7. (a) The displacement of a particle is 25 m making an angle of 210° with x-axis. Calculate the components 
of its displacement in X- and Y-axis. [Ans. -21:7 m ; -125 m] 

(b) The position vectors of three points A, B and C are respectively 2i- 3j4 k 3i- 4j- Ak and 3i- 3758k y 
Show that ABC is a right angled triangle. 

8. (a) The co-ordiantes of two points A and B are respectively (—1, 3, 5) and (2, —1, 3). Obtain the vector AB 
in terms of co-ordinates. [Ans. 3i5 4 p 2k ] 


(b) The magnitude of the vector A EX 0-3j+ak is unity. Find the value of the constant ‘a’. 
[Ans. a = 40-75] 


9. An aeroplane is flying north-east with a velocity of 50 km/hr and wind is blowing from north towards south 
with a velocity of 25 km/hr. What is the displacement of the plane after 2 hrs. [Ans. 73:7 km 73°78 from north to 
east] 


10. A particle travels ‘a’ metre along a straight line and then ‘b° metre making angle 0 with the initial direction. 


2 2 
What is the resultant displacement of the particle. : Ans. S= ya? +b? +2ab cos o] |H.S. 1986] 


11. Vector c is the resultant of two vectors N and B . When B is reversed the resultant vector is D . Show 
that C? +D? =2(A? +B’). 


12. A body is pulled simultaneously by two forces. One force F, = 50 kgf acts towards east and the other force 
F, = 20 kgf at 60° east of north. Calculate the magnitude of the resultant force and its direction. 


Ans. 62-4 kgf, tan 0 = 

| s EE "d 
13. The sum of two vectors is 25 units and their resultant is 20 units. If the resultant be at right angle to the 

smaller vector, calculate the magnitude of the two vectors. [Ans. 2055 units, 4:5 units] 
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B. Essay type questions : 


1. Applied force and displacement produced on a body are vector quantities, Explain whether work is a vector 
or not ? 


2. Write down the law of triangle in the case of addition of vectors. Show that the polygon rule can be proved 
from the triangle law. |H.S. 1993) 


3. State the parallelogram law of vector addition. With the help of this law, determine the magnitude and 
direction of the resultant of two vectors acting at à point and inclined to each other at any angle. 
[H.S. 1998, 1992) 


4. (a) Can the magnitude of the resultant of two vectors of equal magnitude be equal to the magnitude of any 
of the vectors ? 


(b) A particle travels a distance ‘a’ along a straight line. Then it describes a distance ‘b’ along a straight line 
which is inclined at angle 0 with the first line. What is the resultant displacement ? 


5. What is meant by the difference of two vectors ? Two vectors A and B are inclined at angle O, Find the 
quantity JA- B] mathematically. 


6. What is position vector ? How can you represent the position vector of point by its co-ordiantes ? 
7. What is meant by resolution of à vector ? How do you find out the rectangular components of a vector ? 
[H.S. 1988} 


8. A number of co-planar vectors act at a point. How would you proceed to obtain the resultant of the vector 
by rectangular resolution of vector method ? 


9, What is meant by a unit vector ? How would you express a vector with the help of its components and unit 
vector along them ? |H.S. 1995] 


10. What is relative velocity ? Explain it ? [H.S. 2003] 


11. (a) Two particles starts from the same point in two different direction. Calculate the relative velocity of 
one particle with respect to the other. e 


(b) To a passanger on a running train the rain appears to come obliquely although it is falling vertically. 
Explain. 


12. The points P and Q have co-ordinates (5. Vi 21) and (x5, y, 22) obtain the vector PQ and unit vector 
along PO. 


13. The magnitude of the resultant of two equal vectors is equal to one-third of one of the use of the vectors. 
Calculate the angle between the vectors. 


15. Two vector ^w and B are inclined at angle 0. Find the resultant by the method of components, 


16. The two vectors y and J2- A have the resultant R which makes an angle 0 with the larger vector. Show 
that 0 cannot be greater than 2, 


4 
17. (a) Show by vector method that the line Joining the mid points of any two sides of a triangle is parallel 
and equal to half of the third side. 


(b) Represent a vector by co-ordinates in two dimension and three dimensional space. 


18. The magnitude of the resultant of two forces 3 P and 2P is R. When one force is doubled the magnitude 
of the resultant is also doubled. Calculate the angle between the forces. [Ans. 120°] 


PSs Ao UE 
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C. Simple Problems : g 
Y. A boatman can row directly across a river in time /, and an equal distance downstream in time £y. If u be 
the speed of the boat in still water and v that of water of the river, then find the relation between /, and £y. 


[Ans n ity m uev uv] m.s. vn 


2. To a man walking on a horizontal road with a velocity of 3 km/hr, the rain appears to fall vertically 
downward with a velocity of 4 km/hr. Calculate actual velocity and direction of rain. (Ams. 5 km/hr, at tan! 4/3 
with the vertical] 


3. The maximum value of the resultant of two vectors Pand Q(P>Q) is x time the minimum value of the 
resultant vector. If the angle between the vectors be O and if the magnitude of the resultant be half of the maximum 


A2 +2) 
2(x? -1) 
4. Obtain the relation between the vector A and B in the following cases : (i) A+ tieCand A * BC 


value, show that cos 0 = 


(i) A+ BC and A? +B? « C? . (Ans. (i) A and B are parallel (ii) A and Bj. are perpendicular of cach other] 


S. A particle is moving in a plane. It travels 4m south-west, then Sm towards east and finally 6m at 60° north 

of east. Draw the vector diagram of displacement and also calculate total displacement from the starting point 
- [Ans. 568 m at 24° 36' north of east] 
6. The resultant of two forces mutually at right angles is 50 gm-wt. If the resultant makes an angle of 30 with 


one vector, calculate the value of the two forces, [Ans, 453 gm«wt ; 25 gmewt] 
| 7. (a) The displacement of a particle is 25 m making an angle of 210° with x-axis. Calculate the components 
of its displacement in X- and Y-axis. [Ans. -217 m ; -12 5 m] 


| (b) The position vectors of three points A, B and C are respectively 2/- 3/44. 3/- 4-44 and 31-37-54. 
Show that ABC is a right angled triangle. 

| 8. (a) The co-ordiantes of two points A and B are respectively (~I, 3, 5) and (2, <1, 3). Obtain the vector AB 
| in terms of co-ordinates, fans. tint je 2k) 
| (b) The magnitude of the vector A= 0-4/40-3/+ah is unity. Find the value of the constant ‘a’ 

á [Ans a = V075) 


9. An acroplane is flying north-east with a velocity of 50 km/hr and wind is blowing from north towards south 
with a velocity of 25 km/hr. What is the displacement of the plane after 2 hrs. [Ans. 737 km 73°78 from north to 
E 


cast] , Li 
10. A particle travels ‘a’ metre along a straight line and then *b' metre making angle 0 with the initial direction 
E 
What is the resultant displacement of the particle. [Ane s= fo +0 saab cond |ms. 1986] 


| 11, Vector C is the resultant of two vectors X and B. When B. is reversed the resultant vector is D. Show 
that C «p! =2(a? «m. 


12. A body is pulled simultaneously by two forces. One force Fy 50 kgf acts towards cast and the other force 
F, 5:20 kgf at 60 cast of north. Chica the senguiade of the reliant flee and les Section 


[am cog moe | 


13. The sum of two vectors is 25 units and their resultant is 20 units, If the resultant be at right angle to the 
smaller vector, calculate the magnitude of the two vectors. [Ans. 205 units, 45 units] 
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14. A vector n 475 12k is given. Calculate its magnitude and the angles which the vector makes with the 

i Ans. 13; a = pu B- cos £ LES 

positive direction of X-, Y- and Z-axis. ns. 13; a — cos BP 13` Y S ys 
15. Two moving particles have velocities x and 2u. If they move in two directions inclined 60° with each other, 


calculate the relative velocity of one particle with respect to the other. [Ans. V3-u: 30°| 


16. Two boats each moving with a velocity of 5 km/hr is trying to cross a river of breadth 500 m. The velocity 
of the river current is 3 km/hr. One boat crosses the river in minimum distance and the other in minimum time. If 
the boats starts from the same point at the same time, how much time the first boat is wasting. [Ans. 1:5 min.] 


17. The velocity of a river is 4 km/hr. How should a boat whose speed is 8 km/hr in still water should start 


so that it can reach the point directly opposite to the bank ? [Ans. Upstream at 60° with the bank] 
18. A ship is travelling due east at a speed of 10 km/hr, Calculate the speed of a boat heating 30° east of north 
if it appears always due to north from the first ship. [Ans. 20 km/hr.] |J.E.E. 2002] 


B. Harder problems : 


1. A force P-41-5j«3k acts at the point n-i2j43k - Calculate the torque about the point 

5 23i-2j-3L: [Ans.42/4 30-64] 
2. If two vectors P-3/-2j«K and Q= 2i 6j* Ck are mutually perpendicular, find the value of C. 

[Ans. C = 6] 


3. The resultant of two vectors P and Q is the vector R- The component vectors are inclined at 30° and 60° 
on both sides of the resultant. Calculate the magnitude of the vectors P and Q in terms of the magnitude of R. 


ud 


3 
Ans.P-——R;Q-— 
| ns. 2 Q 5 


4. The angle between two forces P and Q is a and the magnitude of their resultant is 5yJP? +Q? . If the 


1 
angle between the forces be (90° — a) the magnitude of the resultant becomes 3-P? +Q? . Show that tana = 3 
5. Two forces act at a point and magnitude of one vector is double the other. If the resultant force makes angle 


Li 
O with larger force, show that 0 cannot be greater than — 


"E 
6. The sum of the magnitudes of two forces is 18N and the resultant is 12N. If the resultant forces is inclined 
at 90* with the smaller force, calculate the magnitude of the two forces. [Ans. 5N. 13N] 


7. The sum and difference of two vectors are at right angles to each other. Show by scalar multiplication that 
the magnitudes of two vectors are equal. 


8. The magnitude of the resultant of two forces P andQ is ABQ. The resultant makes an angle of 30° with 
the force P. Show that either P = Q or P = 2Q. 

9. The magnitude of the resultant of two forces F, and F, is F. When F, is doubled the resultant is 6k doubled. 
If. E is reversed the resultant is also doubled. Show that BESESE SJ: 45 : ize 


10. A car starting from a point travels 50 km towards east, then 30 km due north and finally 25 km due north- 
east. What is the displacement from the initial point ? Draw vector diagram. [Ans. 81 km, 39:50° North of east] 
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1L A force F - (5i 2 j+ k) acting on a body displaces it from the point (1, 1, 1) to the point (2, 0, 3). How 
much work is done ? Force is in Newton and displacement in metre. [Ans. 5] 


12. Two vectors A and B are inclined at a certain angle. The resultant vector C makes angle 0 with the vector 
RE eee : " 
A. Show that the resultant of vector Ą+ C and vector B inclined at same angle, will make angle 0/2 with the 
> >. 
vector (A+ C). 


13. The resultant of two vectors acting at a point is perpendicular to the smaller vector and the magnitude-of 
the resultant vector is 1/3 of the larger vector. Prove that the ratio of the magnitudes of the larger vector to that of 
the smaller vector is 3 :242. 


14. A moving train suddenly applies brake producing a retardation of 125 m/s?. Immediately a box from the 
bunk starts falling. Calculate the magnitude and direction of acceleration of the box. g= 10 ms?. 
[Ans. 10-08 ms, 6 = tan-! (1/8) with vertical] 
I5. A person notices that a body takes 0.5 sec. to reach the ground from a height of 4 ft. But if it is let fall 
from a lift which is just accelerating upwards it takes 1/ sec move. What is the acceleration of the lift ? 


[Ans. 8 fus? (upwards)] 
* RELATIVE VELOCITY * 


16. A car and a motor cycle starts from the same point at the same time. The speed of the car is 40 km/hr due 
north and that of the motor cycle is 20 km/hr 30? south of west. Calculate the velocity of the car relative to the motor 
cycle. [Ans. 52-9 km/hr, 0 = 19° east of north] 

17. A car is moving due east with a velocity of 12 km/hr and another car moves due north with the velocity. 
of 16 km/hr. Calculate relative velocity of the second car with respect to the first. 

[Ans. 20 km/hr at angle tan~! (3/4) west of north] 

18. A motor car is moving due east with a velocity of 36 km/hr. A stone hits the car from north with a velocity. 
of 5 km-!. From which direction and with what velocity will the stone appear to hit the car ? 

[Ans. at angle of tan-1 (0:5) North of West : 11-2 ms] 

19. A steamer is moving due east with a velocity of u km/hr. Another steamer is moving with the velocity of 
2u km/hr in the direction making angle 0 north of east. The second steamer is moving north-east with respect to 
the first ship. Show that sin 20 = 3/4. 


20. A car is moving due to north with a velocity of 32 km/hr. To a passenger of the car the rain appear to 
came from east. When the speed of the car is increased to 64 km/hr, the rain appears to came from north-east. 
Calculate actual velocity and direction of rain. [Ans. 45 km/hr. from: south cast.] 

21. Two car are situated at a sepration of 10 km along the north-south direction. The car on thenorth is moving 
due west with a velocity of 40 km/hr and the other ship is moving due north with a velocity of 40 km/hr. (i) when 
the ships are nearest what is the minimum distance ? (ii) after what time they will be nearest ? 

[Ans. (i) 7:071 km : (ii) 1/8 hr.] 

22. At 10 a.m. a ship A is situated at 40 km east with respect to a ship B. The ship A is moving due west 
at a velocity of 12 km/hr and the ship B is moving due south with a velocity of 16 km/hr. At what time, the ships 
will be nearest and what is the minimum distance between then ? [Ans. at 11-12 min. (morning) : 32 km] 


23. A car is moving due south with a velocity of 4 m/s. To the driver of the car and wind appears to blow 
from east. When the speed of the car is doubled the wind appears to flow from south-east. Calculate the velocity 
and direction of wind. [Ans. 8/2 ms! from north-east] 

` 24. A man is moving north-east with the velocity v and the wind appears to blor from north. When the man 
walks with double the speed the wind appears to blow at angle cot- (2) east of north. What is the actual velocity 


v 
and direction of wind ? [Ans. y towards east] 
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14. A vector 3i 4 jt DE is given. Calculate its magnitude and the angles which the vector makes with the 

S] E a2 
positive direction of X-, Y- and Z-axis. [ans ooo B 7 cos epu zl 
_ 15. Two moving particles have velocities u and 2u. If they move in two directions inclined 60° with each other. 


calculate the relative velocity of one particle with respect to the other. À [Ans. V3-u: av] 


16. Two boats each moving with a velocity of 5 km/hr is trying to cross a river of breadth 500 m. The velocity 
of the river current is 3 km/hr. One boat crosses the river in minimum distance and the other in minimum time. If 
the boats starts from the same point at the same time, how much time the first boat is wasting. [Ans. 1:5 min.] 


17. The velocity of a river is 4 km/hr. How should a boat whose speed is 8 km/hr in still water should start 


so that it can reach the point directly opposite to the bank ? [Ans. Upstream at 60° with the bank] 
18. A ship is travelling due east at a speed of 10 km/hr. Calculate the speed of a boat heating 30° east of north 
if it appears always due to north from the first ship. [Ans. 20 km/hr.] |J.E.E. 2002] 


B. Harder problems : 

1. A force E AESA 3k acts at the point n=i+2j+3k. Calculate the torque about the point 
Vene KOR AR X a 
nz3i-2j-3k: [Ans.42 (4 30 j- 6 k] 


2. If two vectors Das 3i- 2j+k and Q=2i+ 6j+Ck are mutually perpendicular, find the value of C. 
[Ans. C = 6] 


+ > 
3. The resultant of two vectors P and Q is the vector R- The component vectors are inclined at 30° and 60° 


on both sides of the resultant. Calculate the magnitude of the vectors P and Q in terms of the magnitude of R. 


| 3 R 


Ans P=—R;Q=— 
2 E 2 


4. The angle between two forces P and Q is a and the magnitude of their resultant is ERIS +Q? . If the 


| 
angle between the forces be (90° — a) the magnitude of the resultant becomes 3 P? +Q? . Show that tana = 3 
5. Two forces act at a point and magnitude of one vector is double the other. If the resultant force makes angle 


T 
0 with larger force, show that 0 cannot be greater than — . 


6 
6. The sum of the magnitudes of two forces is 18N and the resultant is 12N. If the resultant forces is inclined 
at 90? with the smaller force. calculate the magnitude of the two forces. [Ans. 5N. 13N] 


7. The sum and' difference of two vectors are at right angles to each other. Show by scalar multiplication that 
the magnitudes of two vectors are equal. 


8. The magnitude of the resultant of two forces P and Q is /3Q. The resultant makes an angle of 30° with 
the force P . Show that either P = Q or P = 2Q. 


9. The magnitude of the resultant of two forces F, and F, is F. When F, is doubled the resultant is 6k doubled. 


If F is reversed the resultant is also doubled. Show that F, : F,: F, = 42 B 45: apy. 


10. A car starting from a point travels 50 km towards east, then 30 km due north and finally 25 km due north- 
east. What is the displacement from the initial point ? Draw vector diagram. [Ans. 81 km, 39:50° North of east] 
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11. A force F =(5i+2 j+ k) acting on a body displaces it from the point (1, 1, 1) to the point (2, 0, 3). How 
much work is done ? Force is in Newton and displacement in metre. [Ans. 5] 


12. Two vectors A and B are inclined at a certain angle. The resultant vector C makes angle 0 with the vector 


Sir T Le SEN : 1 
A. Show that the resultant of vector A4. C and vector p. inclined at same angle, will make angle 0/2 with the 
> >. 
vector (A+ C). vag pe 
13. The resultant of two vectors acting at a point is perpendicular to the smaller vector and the magnitude-of 
the resultant vector is 1/3 of the larger vector. Prove that the ratio of the magnitudes of the larger vector to that of 


the smaller vector is 3:22. 


14. A moving train suddenly applies brake producing a retardation of 125 m/s. Immediately a box from the 
bunk starts falling. Calculate the magnitude and direction of acceleration of the box. g = 10 ms?. 

[Ans. 10-08 ms, 0 = tan"! (1/8) with vertical] 

15. A person notices that a body takes 0.5 sec. to reach the ground from a height of 4 ft. But if it is let fall 

from a lift which is just accelerating upwards it takes 1/ sec move. What is the acceleration of the lift ? 

[Ans. 8 fUs? (upwards)] 


16. A car and a motor cycle starts from the same point at the same time. The speed of the car is 40 km/hr due 
north and that of the motor cycle is 20 km/hr 30° south of west. Calculate the velocity of the car relative to the motor 
cycle. [Ans. 52-9 km/hr, 0 = 19° east of north] 

17. A car is moving due east with a velocity of 12 km/hr and another car moves due north with the velocity 
of 16 km/hr. Calculate relative velocity of the second car with respect to the first. 

[Ans. 20 km/hr at angle tan"! (3/4) west of north] 

18. A motor car is moving due east with a velocity of 36 km/hr. A stone hits tlie car from north with a velocity 
of 5 km-!. From which direction and with what velocity will the stone appear to hit the car ? 

[Ans. at angle of tan-1 (0-5) North of West ; 11-2 ms !] 

19. A steamer is moving due east with a velocity of u km/hr. Another steamer is moving with the velocity of 
2u km/hr in the direction making angle 0 north of east. The second steamer is moving north-east with respect to 
the first ship. Show that sin 20 — 3/4. 


20. A car is moving due to north with a velocity of 32 km/hr. To a passenger of the car the rain appear to 
came from east. When the speed of the car is increased to 64 km/hr, the rain appears to came from north-east. 
Calculate actual velocity and direction of rain. [Ans. 45 km/hr. from: south cast.] 

21. Two car are situated at a sepration of 10 km along the north-south direction. The car on thenorth is moving 
due west with a velocity of 40 km/hr and the other ship is moving due north with a velocity of 40 km/hr. (i) when 
the ships are nearest what is the minimum distance ? (ii) after what time they will be nearest ? 

[Ans. (i) 7-071 km : (ii) 1/8 hr.] 

22. At 10 a.m. a ship A is situated at 40 km east with respect to a ship B. The ship A is moving due west 
at a velocity of 12 km/hr and the ship B is moving due south with a velocity of 16 km/hr. At what time, the ships 
will be nearest and what is the minimum distance between then ? [Ans. at 11-12 min. (morning) : 32 km] 


23. A car is moving due south with a velocity of 4 m/s. To the driver of the car and wind appears to blow 
from east. When the speed of the car is doubled the wind appears to flow from south-east. Calculate the velocity 
and direction of wind. [Ans. 8/2 ms! from north-east] 

24. A man is moving north-east with the velocity v and the wind appears to blor from north. When the man 
walks with double the speed the wind appears to blow at angle cot-!(2) east of north. What is the actual velocity 


v 
and direction of wind ? [Ans. y towards east] 


104 A TEXT BOOK OF PHYSICS 


25. Two particles starts simultaneously from the same point along two straight lines which are at angle 0. A 
particle moves with constant velocity u and the other starts from rest with an acceleration *a'. Show that after a time 


P cos0 , their relative velocity will be least and the magnitude of the least velocity is u sin 0. 
a * e- 


26. A boat and a steamer starts from the same point in two directions making angle 0 with each other. The 
velocity of the steamer is n times the velocity of the boat. To a passenger of the boat, the steamer appears to move 


A 1 
at 45? with the direction of motion of the boat. Show that 20 = sin (1-4) 
n 
27. A car is moving due north with the velocity of 40 km/hr. Another car is moving north-west at a velocity 
of 8042. km/hr. What is the relative velocity of the second car with respect to the first car. 
[Ans. 80 km/hr due west] 


28. A lift is moving up with an acceleration f. A person in the lift throws a ball upward with a velocity v relative 
2v 
to the lift. After ¢ sec. the ball falls on the hand of the man. Show that Vi fre 


29. Two particles P and Q approaches each other along two mutually perpendicular straight lines. The velocity 
of the particles are respectively u) and uy. At ¢ = 0, the distances between of the two particles from the point 
interaction of the lines are a and b respectively. After what time, the particles will be nearest and what is the 


minimum distance ? [Ans fmin 7 (2 + buy) Hui g uj) i Smin = (au — bu) / ai +05 | 


30. The breadth of river is D. A person can cross a river in time ¢, when there is no river current ; but when 


2 37 

Gb 
31. Two ships A and B are initially at a sepration of 70 km in the north-south direction. The ships A situated 
on the north moves with the velocity of 25 km/hr due west. Simultaneously with A, the ship B moves due north 
with the velocity of 25 km/hr. (i) Calculate the minimum distance between the ships. (ii) After what time they will 
be nearest ? [Ans. 35/2 km; 1 hr. 24 min.] 
32. The speed of a boat is 8 km/hr in still water and the speed of the river is 4 km/hr. At what angle with the 

bank the boat should be started so that it can reach from one bank to the opposite point of the other bank ? 

[Ans. 60°} [H.S. 1999] 
33. A ship is moving due east with a velocity of 10 km/hr. A boat is moving at 30? east of north. What should 

be the velocity of the boat so that it. will appear to be always moving towards north with respect to the ship ? 


[Ans. 20 km/hr] [J.E.E. 2002] 


there is river currect, he takes time t, to cross the river. Show that the velocity of the river current is v= D. l al 


VERTICAL MOTION OF A 
PARTICLE 


TOPICS : Vertical motion under Gravity ; Equations of vertical motion under 
Gravity ; Examples. 


7.1. Introduction : 

The motions a particle under gravity i.e. due to earth's attraction are divided into two types : 

(i) Vertical motion of the a particle which is obviously a one-dimensional motion. 

(ii) Motion of a particle projected at angle 0 (0 < 90°) with the horizontal. The projected particle is 
called projectile and the motion is a case of two dimensional motion. 


In both cases, resistance of any type will be neglected. So only force effective is earth's gravitational 


force ; air resistance or any other opposing forces are neglected. Projectile motion will be considered in 
the next chapter. 


7.2. Vertical Motion Under Gravity : 


All bodies on or near the surface of the earth are attracted by the earth towards its centre. This 
force of attraction is called gravity. E 


When a body is dropped from certain height, it falls vertically due to gravity. As air friction is 
neglected such downward motion takes palce only under the action of gravity. This fall is called a free 
fall. During free fall the acceleration of the falling body is equa! to the acceleration due to gravity, 
denoted by g. 


Before Galileo, Scientists were of the opinion that when a heavy and a light body are allowed to 
fall from the same height, heavier body will reach the ground earlier. This idea was actually derived from 
daily experience. Galileo in 1589 first showed that all bodies big or small, light or heavy take equaltime 
to fall through equal distance. He dropped different objects from the top of the leaning tower of Pisa in 
Etally and showed that all objects take nearly equal time to reach the ground. According him, slight 
difference in times of-fall is due to air resistance. Sir Issac Newton also supported Galileo’s idea. So 
Galileo was the first to prove that all freely falling objects move with equal rapidity. 


Through experiment Galileo formulated some simple laws connected with the motion of frecly 
falling bodies. These laws are known as the laws of falling bodies : 


e Laws of falling bodies : 

(i) Starting from rest all freely falling bodies come down with equal rapidity. 

(ii) The velocity acquired by body falling freely from rest is directly proportional to the time of 
fall. So, va t [v = velocity at time /] 

(iii) The distance travelled at any time by a body freely falling from rest is directly proportional to 
the square of time of fall. i.e. s o È [s = distance travelled at time /] 

e Discussion of the laws : 

First law : According to this law, if air resistance is absent all bodies heavy or light will fall with 


equal acceleration. It seems contrary to our every day experience as a heavy body appears to fall to the 
ground more quickly than a lighter body. Galileo carried out experiments with bodies of different 
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materials and sizes and established that all bodies fall with almost equal rapidity. He explained that this 
small differences between times of fall of heavier and lighter bodies are due to the resistance of air. 
Actually due to the presence of air resistance heavier body falls faster than lighter body. As exhaust pump 
was not invented at the time of Galileo, he could not prove the validity of the law. After the invention 
of exhaust pump, Newton conclusively established the law of falling bodies by his well-known Guinea 
and feather experiment. | 


* Guinea and feather experiment : 


The sketch of the apparatus is shown in fig. 7.1. It consists of a hollow glass tube of 
about 5 cm in diameter and one metre long. The tube is provided with a cap screwed at 
one end and a stop-cock at the other end. A guinea coin (a heavy body) and a feather (a 
lighter body) are introduced into the tube. On inverting the tube, the coin will be found to 
fall more quickly than the feather. 


Air is then exhausted from the tube by connecting it to an exhaust pump. Now the coin 
and the feather are found to fall together in equal time. 

This experiment confirms the fact that all freely falling bodies have equal acceleration. 
Inequality in the time of fall is due to the presence of air resistance. 


Second law : According to this law, the velocity of a body falling freely from resi 
gradually increases with time. If the body starting from rest falls for a time ¢ and if the 
velocity after this time interval be v then, 


Fig. 7.1 v & tor w/t = Constant. 
It means that rate of change of velocity or acceleration is constant for a freely falling body. If 
velocity after 1 sec be 9:8 m/s, then velocity after 2 sec and 3 sec will be 9:8x2 and 9:8x3 m/s respectively. 
Third law : Let a body starts falling from rest. During free fall the body falls through a distance 
h in time ¢. Then from third law 
h a È or, h/t = Constant. 


It means that if a body falls by x in one second, at the end of 2nd and 3rd sec it will fall through 
4x and 9x. 


7.3. Equations of vertical motion under gravity : 


(i) During downward motion : The downward motion of a body under gravity is a rectilinear 
motion with consant acceleration. The acceleration is due to acceleration due to gravity, g. So, the 
equations of rectilinear motion. with constant acceleration is applicable here. In those equations we have 
to replace s by A for height of descend, a by g to get equations of motion for vertical motion under 
gravity. Hence the equations of motion under gravity for a freely falling body are : 


Vect arid iene ine) cake OR ie sien Aevum Tus (7.1) 
UE tA E OPE hae ON [E (7.2) 
WS Pe DeRose 2) R E wet e (7.3) 


For a body falling freely from rest we put u = 0 in these equations. 


(ii) During upward motion : When a body is projected vertically upward, the force of gravity 
opposes the motion. The body rises up with retardation g. As the body goes up its velocity gradually 
diminishes. At a certain height, the velocity of the particle is momentarity zero and then it begins to fall 
with gradually increasing velocity. Just before touching the ground, the velocity of the body is equal to 
the velocity with which it was projected. From experiment it is found that time of ascent is equal to the 
time of descent. Evidently, the downward and upward motions of a body are identical but oppositely 
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directed. Hence the upward vertical motion of a body is a uniformly retarded motion of retardation g. 
Taking the upward direction as positive, the equations for upward vertical motion is 


LOS se ARS d nue rea ener A O L Bb (7.4) 
h Sedo era ee eae re (7.5) 
yr PRS Deh ee d UL M EET (7.6) 


(iii) Maximum height attained : Let the body is projected vertically upward with the velocity 
and it rises upto a maximum height H. At the highest point v= 0 and / = H. Hence from equation (7.6) 


a en Ghee 4) or oases e (7.7) 


(iv) Time of ascent : Let the body reaches the maximum height at £ = T. So at ¢= T, v = 0. By 
equation (7.4) 


0 map — PT B= igi dens (7.8) 
(v) Time of descent : It is the time taken by the particle to reach the ground from the highest point. 


2 
If this time is denoted by T, then, H ig aede dy Tas 
2 2972 g 
Obviously, time of ascent — time of descent. 
z; Thetotai time afufils fioe ivan RR (79) 
g 


e N.B. (1) If a body is projected vertically upward with a velocity numerically equal the acceleration 


due to gravity, it will rise to the maximum height after | sec. and the corresponding maximum height, 
H = g/2. 


(2) If a body is allowed to fall freely from rest, the ratio of the distances travelled during Ist, 2nd, 
3rd sec. of its motion is 1 : 3 : 5. 


(3) The ratio of the maximum heights attained by three particles projected vertically upwards with 
velocities u, u and u, respectively is uy :ul Zu 

(4) Whatever be the initial velocity of projection, the body will always rise by a height of 49 m at 
the last second of its motion. 


(5) If a body is dropped from a height h and at the same time another body is projected upward with 
a velocity u along the same straight line, then the bodies will meet at a height ///u. 


(6) A body projected vertically upward with a velocity u from the top of a tower of height H, the 


time after which the body reaches the ground is TELE he *2gH. 
g £g 


and the velocity with which it reaches the ground is y — u? +2gH . 


ə NUMERICAL PROBLEMS ° 


Example 7.1. : A particle is dropped from a height 19:6 m. Calculate the time taken by the 
particle to travel (i) first 1 m (ii) last 1 m of its motion. g = 98 m/s? 


2h 2x1 
Solution : (i) Time required to travel first 1m of the vertical fall is ^j = ud TRENT = 0-45 sec. 


: 2h 2x19.-6 
(ii) Now, time of descent, t = F = 9: =2 sec 
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, 


Time taken by the particle to travel (19:6 — 1.0) = 186 m is (PTT = 1-95 sec 


Hence the time required to travel last 1 m is 44 = t-t, =2-0-1-95=0-05 sec. 


Ex. 7.2. : A stone dropped from the top of a tower describes 5/9 part of the total height in the 
last second. Calculate (i) time of fall and (ii) height of the tower. 


N 


Solution : (i) If h be the height of the tower then time of fall of the stone, ; = ^ 


^| 


(t 


Now, the distance travelled in (¢-1) sec, is /' =h-Sh= Sh but A' -is(- 1) 

^ sh -is( -17 or, $m = salt py [from (i)] 

or, 42 =(t-1) 2íi-a-n “.t=3 sec 

z. Total time of fall = 3 sec. 

(ii) height of the tower, A= : a? = ix 9-8x(3) =44-1 m 

Ex. 7.3. : A balloon is moving straight upward with a velocity of 49 ms™!. When the height of 
the balloon is 200 m, a stone is dropped from the balloon. 

(i) What is the maximum height attained by the stone ? 

(ii) What will be the position and velocity of the balloon after 2 s from start ? 

(iii) After what time the stone will reach the ground ? 1 


Solution : (i) Initial upward velocity of the stone is equal to the velocity of the balloon. So, 
u=49 m/s. 


2 (4-9) 
If the stone rises maximum height H from the point it is dropped then, H = p = e 2 1:225 
So, the maximum height of the stone from the ground is H' = H +200 = 201-225 m 


A : i 
(ii) Height traversed by the stone after 2 sec is h= ui - gn 24:9x2-—x9-8x4 =-9-8m 


—ve sign shows that the stone has fallen through 9:8 m from the point it is dropped. So, the height 
of the stone 2 sec after it is dropped = (200-98) = 190-2 m 


and its velocity at this instant, v =u- gt =4:9-9-8x2=-14-7 ms"! 
<. Velocity of the stone after 2 sec = 147 ms"! (downward) 
(iii) To calculate total time of fall of the stone we assume u = 49 m/s (upwards), ^ = 200 m 


-200- 4.91- 7x 9-8? ^. 4-90? -4-91 200-0 


4-95 (4-9)? +4x4-9x200 
9-8 
Ex. 7.4. : From the top of a bridge of height 441m over a river a stone is dropped. After 1 sec 


another stone is thrown vertically downward. If both the stones touch the river water at the same 
time, what was the velocity of projection of the second stone. 


ROT 


- 6-9 sec [Assuming +ve sign] 


~~ 


VERTICAL MOTION OF A PARTICLE 109 


Solution : If the first stone takes ¢ sec to the reach the river water. Then, 


1-75 2h 2x44 , 
h-—-gt. Oontz-—- = 3sec 
2 g 9.8 


So, for the second stone, time of descent is, f 7 3-17 2sec 


If its initial velocity of projection be v then, 43e 2L =2u+2x9-8 u= 12-25 ms". 
It is the initial velocity of the second stone. i 


Ex.e 7.5. : A light ball is dropped from a height // on a floor. After successive collision with 
the floor the ball rises to heights of /;, /1,, 1, «+e etc. If the co-efficient of restitution between the 
ball and the floor be e = 0:5, what distance it will travel before stopping ? 

Solution : velocity of the ball just before hitting the floor, v, = /2gh . After first collision with the 
floor, the velocity of the stone is v; =ev, =ey2gh 

31052 
The maximum height attained by the stone after first collision is /y LEO ed 
Similarly, it can be shown that the maximum heights to which the ball will rise after 2nd, 3rd, 


collisions with the floor are fy = eth, lis = e%h. by = eh 


Hence the total distance travelled before the ball stops is 


2 2 asy 
=h|l+ Ze Bre eS 2 T -Sn 
1- l-e 1- (0:5) 3 


Ex. 7.6. : A particle is projected straight upward at 0. At time / = T it rises to a height /. 


2 
Show that the maximum height attained by the particle is H = (g^ + 2n) /ser? ; 
l 
Solution : Let velocity of projection of the stone = u. Then ^7 uE-- gT 


l | 
on uT=h+— 8T fe vM Ree 


gH 2T 
If the particle rises to a maximum height H then 0= u -2gH 
2 
Eum (e) (2n+ gr?) 
2g 2g 2t = 8gT? 


Ex. 7.7. : A stone is dropped into a well and the sound of hitting water by the stone is heard 
after 2:056 sec. If the acceleration due to gravity be 9:8 ms~, calculate depth of the well. Velocity 
of sound in air = 350 m/s. 


Solution : Let after t sec the stone hits the water in the well then, 
1 
y h=>gt [A = depth of the well] 


ORE 
350 700 


If ¢, be the time required by the sound to reach the observer then, /, = 
gt 
=2-056 1+=—=2:-056 
Now, (+f 72-056 or, 700 
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s gt? + 700r — 700 x 2-056 Or, 9.862 + 7001 —1439-2- 0 
E —700 + 4490000 + 4 x 9 -8 x 1439-2 
19-6 
-.£-2sec [considering the ve sign only] 
-. Depth of the well = 19:6 m. 


Ex. 7.8. : In a circus a jugler is playing with number of balls. When one ball is at maximum 
height, the man throws the second ball. If he throws 7 balls per sec., calculate the maximum height 
reached by each ball. 


vet 


AES LS : NIA 1 
Solution : The time taken by one ball to reach the maximum height is ¢ — —sec. 
n 


Now from equation v=u+ gt 


o-«- 1] [ev =0] 
n 


i u= [u = initial velocity of projection.] 
2 


Again, v? =u? +2gh or, 0= (5) -2gh  ..h- EST 
n n 


Lh 
2 
-. Each ball rises to a height / zT 
n 
Ex. 7.9. : A metal ball is dropped into the water of a pond from a height of 5 m and the ball 
strikes the water with a certain velocity. The ball moves through water with a uniform velocity and 
reaches the bottom of tlie pond. If the ball takes a total time of 5 sec. to reach the bottom of tlie 


pond, calculate (i) depth of the pond and (ii) average velocity of the ball. g = 10 m/s? 


Solution : Time taken by the ball to reach the water surface 1 = = = ro = I sec, 
g 


Velocity of the ball just before hitting the water surface is y= .J2¢h = V2x10x5=10ms"' 


The metal ball travels with constant speed through water. If D be the depth of the pond, the time 


it takes to travel the distance D is 4, Die 
V y 


“t+t,=Ssec or, letus -.D-40m 
Depth of the pond = 40 m 
(ii) Now, total displacement of the ball = 5 + 40 = 45 m and time elapsed, ¢ = 5 sec. 


45 
-. Average velocity of the ball E -9m/s. 


Ex. 7.10. : Four points P, Q, R and S are four points on a vertical line and PQ-QR-RS. If a 
body is allowed to fall freely from P, prove that the ratio of the times taken by the body to travel 


the distances PQ, QR and RS is 1: (42-1): (/3- 42). 

Ex. 7.11. : A ball is projected vertically upwards from the top (A) of a tower and reaches the 
ground after a time ¢,, When the ball is thrown upward from the same point A with the same 
velocity it takes time f; to reach the ground. Now, if the ball is dropped from A and allowed to full 
freely, show that the ball will reach the ground after Jt ty. 

Solution : Let the height of the tower = h and initial velocity of the ball is v. 


VERTICAL MOTION OF A PARTICLE HW 


In the first case when the ball is thrown upwards from the top (A) of the tower, initial velocity of 
the ball = —u ms* past displacement = / metre, acceleration = g ms~ and time = t, 


EXPE TEE RET EON EAD (i) 


In the second case when the ball is thrown downward from A, initial velocity = w ms"! ; displacement 
= h metre and time of fall = 1, 


<. h= -ut + jui 


1 
She ut, +580 CSR Re Nir i oe toy a (ii) 
In the third case, the body falls freely from A. 


Then hi ze des Cann cac RM (iii) [ 520.47 time of fall] 
Multiplying equation (i) by ¢, and (ii) by / and then adding we get, 


1 
h(t*)97 Z8 tu(6 6 Shel oii 
2 F 2 


1 1 
Now, from equation (iii) PEE = z7 or, f3 = Jf; (Proved) 


Ex. 7.12. : A lift is moving ANATS with an acceleration of 1-2 ms?. When the upward velocity 
of the lift is 24 ms"! a nail is detached and begins to fall from the ceiling of the lift. If the height 
of the lift be 275 m calculate, 

(i) time after which the nail reaches tlie floor of the lift. 


(ii) during free fall velocity of the nail relative to the shaft and its time of fall. 
Solution : (i) Initial relative velocity of the nail with respect to the lift = 24-24=0 
and acceleration of the nail relative to the lift = 98 — (-12) = 11 m/s? 


If the nail takes a time / to reach the floor of the lift then, 


* 2 
2352042 xie WE Pe = 


1 2 
(ii) Displacement of the nail is x = -2:4 x 0-707 Mods 9.8x(0.707) = -1-696 +2-449 = 0-753 m 


or, ( = 0.707 sec 


2 2 2 
; ut u 2-4 
and distance travelled = 2 2t =—4+x= (2-4) 


+0-753=1-34m 
E g : 
Ex. 7.13. : A body is dropped from a height H and it strikes an inclined plane at a height /i. 


h 
After impact it moves horizontally. What should be the value of the ratio (4) so that it reaches 


the ground in a minimum time ? [LLT. 1986] 
Solution : Before striking the inclined plane, the body has fallen vertically through a height (H—/). 


1 H- 
` If 1, be the time of fall the H-h- gti shs I 


After impact, let it takes a time ¢, to descend the height / 


2 3 2 
Then he 88 h= gu ~. Total time, = +6 = Bp] 
g 
dt 2 d 
inimi -==0 n = VH- = . 

Now, for minimim value of ¢ di È zl H-A +h] 0 

1l 1 hel 
or, — z-z ot -h= Jh OF acta 

2 2 4h H2 
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Ex. 7.14. : A stone is dropped from a balloon Which is moving upward with an acceleration 
‘a’. After 4 sec. another stone is dropped from the balloon. Caiculate the separation between the 
two stones 2 s after the second stone was dropped. 


Solution : Let at the moment the first stone was dropped, the upward velocity of the balloon is y. 
the first stone was in motion for 6 sec. and its initial velocity = —u (downward). If it falls through a height 
S, in 6 sec then, 3 


Si -cux6s7 (e) POUT IS g (mie MD RN NEM (i) 


Upward velocity of the balloon 4 sec, after the first stone was dropped is y= utda 
and during this time the balloon rises through a height 


S, =4u+ ax 16 = 4u + 8a 


So, the initial velocity of the first stone, ih =-v, =-(u+4a) (downward) 
The height of fall of the second stones is 2 sec, is 


Sy = ~(ut4a) x2 x gx4  -Qu-Ba 2g EUH 45009 Pe etg (iii) 


So, the separation between the two stones 2 sec. after the second stone was dropped is 
S=S,+S,-S, =-6u+ 18g +4u+8a+2u+8a-2¢ 

= l6a+l6g = l6(a +g) 
Ex. 7.15. : The values of acceleration due to gravity at two places are g and g'. If an object 


is dropped from the same height at the two places, it takes t, sec less time in the second place to 
reach the ground. Also in the second place it reaches the ground with velocity greater by v than 


in the first place. Show that Jgg' m [Tripura J.E.E. 1998] 


Solution : Let the object is dropped from a height / at the two places. In the first place a = g and 
in the second place a = g’. Also at the time of touching the ground, the velocity of the object at the first 
place is v, and at the second Place, the velocity of the object is v,+v. [Fig. 7.2]. In the first place the 
Object takes time ^, and in the second place it takes time (4,1) to reach the ground. 

Yi 7 8t, and v; v = g'(r, —/) 
v+g't 


pim 
I den 2 
h=—gt; 2 — g'(r, -17 
Now, ze" 78h ) 


785 *v- g'(t) =t) or, n = 


^ tf (8- 8) - g'? -2g'nt 


2 
*g't *g't 
(: zr) (g-g)» gt apy TE 


&'-g ae 
wg’)? 1 2 
Obr c a ekle s -2g'i(v^ g't 
DE TRE x ( ) ( ) 


or, =y? -2wg't -(g'ty = (gt) -gg't? -2yg't — 2(g't)? 


312 Dl AV. 
nv 80 — gg =F 
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* SHORT ANSWER TYPE QUESTIONS (With Answers) e 
Question 1. A block is placed on a frictionless inclined plane. If the angle of inclination be 0, 
what horizontal acceleration be given to the plane so that the block remains stationary on the plane. 
Ans. Consider the fig. 7.3. Let the inclined plane be given a 
horizontal acceleration ‘a’ so the block on the plane remain 
stationary. Under this condition, the component of acceleration ‘a’ - 


along the plane will be equal to the component of acceleration 'g' QO 
along the plane. 
So, a cos 0 =g sin 0 C 
^ a-gtanÓ. B Fig. 7.3 
Q. 2. A body is dropped from height /r at = 0. It reaches the ground after a time 4. How much 
time it will take to reach a height //2. ? 


Ans. From the laws of freely falling body we know that in the case of a body falling freely from 
rest, the distance travelled by the body is proportional to the square of time of fall. So a üÜ 


Inm 
-. The body will take a time * to fall through a height //2. 
Q. 3. A body is falling freely from rest. Calculate the ratio of the distances travelled by the 
particle during Ist, 2nd and 3rd second of its motion. 
Ans. Initial velocity of the body u = 0. The distance travelled by the particle, in the mth second of 


its motion S, = + g(an- 1) 


<. The distance travelled in the Ist second, Sı -i ; The distance travelled during 2nd second 


3 
S2 73€ and the distance travelled during 3rd second, S; - 
‘ 
n SiS 2S) 21:3:5. 
Q. 4. A block of wood is falling down an inclined plane. If the height of the plane by / and 
angle of inclination is 0, calculate the time after which the block will reach the bottom of the 
inclined plane. 


Ans. Acceleration of the block down the inclined plane, a = g sin 0. It will travel a distance to 


reach the bottom of the plane is x = 


h dos 4 2 1 ps 
et, X= =O+—gsin 047 s = |—. 
adai ae de sin 0 25 f sin OY g 


Q. 5. A body inside a lift is thrown upward with a velocity u relative to the lift. If the body 
inside the lift be in motion for a time f, what is the upward acceleration of the lift ? 


h f 1 2 
a: Now, from the relation $= wt qe 


Ans. Let ‘a’ be the upward acceleration of the lift and at the time when the body is projected 
Phy ()—8 
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upward, velocity of the lift is u,. Here the body and the lift travel equal distance. So, distance travelled 
by the body in time 1 = distance travelled by the lift in time £. 

.,2u- gt 

R REY, 

Q. 6. A body is dropped from the top of a tower of height /i. At the same time, a second body 
is projected upward along the same line with a velocity so that it can rise just upto the top of the 
tower. At what height from the ground the bodies will meet ? 

Ans. Let the second body is projected upward with the velocity u. When it reaches the height `% 
its velocity becomes zero. Hence 02i? -2gh -.u=J2gh 

Assume that after the lapse of ¢ sec and at the height x from the ground the two bodies collide. 


So, before collision the first body descends by (A — x) 


is yes 1 
SUutWwjt-—et =ut+—at —-u——920— —dL "d 
(u+m) ;8 tube) de 


1 
Hence for the first body, (i- x) gr? and for the second body, x= w sigh 


+ hut ed gos. geben; robe eias indo ioa igni pd 
x Ego da es y2gh Y2g a Peu 2° 2¢ 4 4 


3h 
-. The bodies will collide.at a height 2" from the ground. 


Q. 7. A balloon initially being at rest moves upward with an acceleration of g/8. When the 
height of the balloon from the ground is H, a stone is dropped from it. Show that it will touch the 


ground after a time 24H /g. 
Ans. Let at a-height H above the ground, the velocity of the balloon is v. 


Then v =2-£H or, v= SHUT [gH 
8 Y 4092 
me * 1 
So, the initial velocity of the stone «= geh (downward) 


To reach the ground the stone travels a distance H with the acceleration g. 


cuu d Ll 
NH EH. gf = gi? - [gH 1- 2H 20 , 


NIE +,/gH+8gH gH +3/gH à H A j 
RATNE R E tm? z [taking the +ve sign only] 


A. Short Answer type questions : 

1. What do you mean by free fall ? 

2. Define acceleration due to gravity. 

3. What is the weight of freely falling body ? Explain your answer. 

4. A body is allowed to fall freely from rest. What distance it will travel during the first second ? 

5. An iron ball and a wooden ball of same size and radius are dropped from the same height—first in air and 
then in vacuum. Will they reach the ground simultaneously in both the cases. 

6. Rain drops falls with constant velocity. Explain. 

7. A ball is thrown vertically upward and ultimately comes back to the point of projection. Show graphically 
the variation of velocity of the ball with time. 
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8. A ball is allowed to fall from a height + initially being at rest. The coefficient of restitution between the ball 
and the floor is e. Show that it will rise to a height /j = eh after impact with the floor. 


9. From the top of a house a stone is dropped and the same time another stone is thrown horizontally from 
the point. Which one will reach ground earlier ? Explain your answer. 


10. A body is projected upward with a velocity g. Show that after 1 sec. the body will rise through g/2. 


11. A body is dropped along a smooth inclined plane. At the same time another body is dropped from the same 
point to fall vertically downward. Calculate (i) which body will reach the ground earlier and (ii) which will have 
larger velocity just before reaching the ground. 


B. Essay type questions : 
1. Show that in the case of free vertical motion. time of ascend is equal to time of discend. 


2. A person projects a ball upward with a velocity of vg from the top of a house and at the same time he throws 
a ball downward from the same place with the same velocity vy. Which ball will have larger velocity on reaching 
the ground ? 


3. A body A is projected straight upward with the initial velocity u ; Simultaneously with A another body B 
is dropped from a height 4. Show how the distance x between the two bodies changes with time. [Ans. X = /r-u,1] 


4. Prove that the height of ascend by a body projected vertically upward in the last second of its motion is equal 
to the distance of fall by a body freely falling from rest during the first second.of its motion. 


5. A lift is ascending with a acceleration ‘f, A person standing on the lift throws a ball vertically upwards with 


t 
a velocity v relative to the lift. If after time ¢, ball falls back in his hand, show that V = (f+ 87 , when g is the 


acceleration due to gravity. |H.S. 2003] 


C. Simple problems : j 
1. A balloon is moving upwards. When the height of the balloon from the ground is 390. m, a body is dropped 
and the body reaches the ground after 10 sec. 1f the acceleration due to gravity at the place be 980 cm/s what was 
the upward velocty of the balloon when the body was dropped ? [Ans. 10 ms-!] |H.S. 1984] 
2. A body is projected vertically upwards with a velocity of 80 fUs. If the acceleration due to gravity at the 
place be 32 ft/s2, calculate : (i) time of ascent (ii) maximum height of ascent and (iii) velocity at the midpoint. 
[Ans. (i) 2:5 sec.. (ii) 100 ft, (iii) 56:5 ft/s] |H.S. 1985] 
3. A body is projected vertically upwards. It rises to a height / in time 1, sec, If it reaches the ground alter 


| 
the next £j sec, show that h= 38 j 


4. The values of acceleration due to gravity at the two places are g; and g». If a body is dropped from the same 
height at the two places, it reaches the ground / see earlier in the second place and also acquire a velocity greater 


v 
by v in the second place than the first place. Show that veig: EM 


5. A body is projected straight upward with a velocity u. Show that the two time intervals at which the body 
will be at a height equal to 7596 of the maximum height of ascent are in the ratio 1 : 3. 


6. Water is falling drop by drop at regular time interval from a hole situated at a height of 1764 m. When the 
first drop touches the ground the fourth drop starts falling from the hole. Calculate the position of the other drops 
when the first drop touches the ground. [Ans. 784 m, 19-6 m, 0 from the hole.] 


7. A body is falling freely from rest. After 5 sec. it acquires a velocity of 49 ms-!, what is the acceleration 
due to gravity at the place ? What is the distance travelled during this time ? [Ans. 9:8 ms? ; 1225 m] 
8. From the top of a tower of height 100 m, a stone is thrown downward with a velocity of 30-ms^!. What 


will be its velocity after 2 sec ? How long will it take to reach the ground ? What will be its velocity before touching. 
the ground ? i; [Ans. 496 ms"! ; 24 sec ; 536 ms*!] 
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9. An aeroplane is flying horizontally with a velocity of 360 km/hr at a height of 490 m from the ground. If 
a body is dropped from the plane, at what distance it will touch the ground ? g = 9:8 ms~. [Ans. 1000 m] 


10. A stone is thrown straight upwards from the bottom of a tower of height 90 m with a velocity such that 
it can rise maximum upto the top of the tower. After 2 sec. another stone is dropped from the top of the tower along 
the same straight line. At what time and at what distance will the stones meet ? 


[Ans. 3!/, sec. after the first stone was thrown, at a height of 83-6 m from the ground] 


11. A body falling from rest travels half of the total distance during the last second of its motion. Calculate 
time of fall and initial height. [Ans. 341 sec. : 57 m] 


12. A body is falling freely from a height of 50 m. At the same time another body is thrown upward along. 
the same line. If they meet at a height of 10 m from the ground, what is the initial velocity of the second body ? 
.[Ans. 175 ms !] 

D. Harder problems : 

1, A rubber ball is thrown downward with a velocity of 50 ft/sec. After 2 sec. it strikes the ground and rebounds 
with equal velocity. After 1 sec a second ball is dropped from the same point. After what time they will meet in 
air ? [Ans. 1-01 sec. after the first ball rebounds from the ground.) |J.E.E. 1992| 

2. A ball of mass 100g is thrown vertically upward with a velocity of 49 m/s. Simultaneously another identical 
ball is dropped from a height of 98 m and allowed to fall freely along the same vertical line. After some time they 
collide and stick together. Ultimately the combined mass reaches the ground. Calculate the time for which the balls 
was in motion. [Ans. 6°53 sec.] |I.I.T. 1985] 

3. A ball is dropped with initial velocity vg from a height of 10 m. After collision with the floor, it loses 50% 
of its kinetic energy and rises to the initial height. Calculate : (i) initial velocity vo, (ii) after collision to what height 
will the ball rise if it- is projected straight upward with the velocity vy. [Ans. (i) 14 ms-!. (ii) 10 m] |LL.T. 1979] 


4. A stone is dropped from the top of vertical tower. When it has descended by a distance x, another stone is 
dropped from a point situated at a distance y from the top of the tower. The stones reaches the ground simultaneously 


7 * (x+y) 
Show that the height of the tower = desc 
. X 
5. A rocket is launched vertically upward with an acceleration 10 ms. After 1min. the fuel is exhausted. 
calculate the maximum height of ascent of the rocket. [Ans. 36367335 m] |I. T. 1975] 
6. A man jumps with parachute from a certain height. He falls freely for 50 m and then the parachute opens. 
Now, the man falls with a retardation of 2ms~ and he touches the ground with the velocity of 3ms-!. (i) How long 
the man was in air ? (ii) What was the initial height of the man ? [Ans. (i) 173 sec. ; (ii) 293 m] 
7. An aeroplane is moving horizontally with a velocity of 600 km/hr. When the plane is just above the point 
A of the ground, a paratrooper jumps out. He falls freely for 10 sec. and then the parachute opens. When the man 
desends with a retardation of 2ms~. He touches the ground with a velocity of 8ms:!. (i) What is the height of the 
aeroplane. from the ground ? (ii) At what distance from the point A, the man will land on the ground ? 
g -98 ms? [Ans. 2875 m ; 9:16 km] |J.E.E. 1984] 
8. Two balls are projected upward at an interval of 4 sec., each with the velocity of 98 ms~!. After what time 
will they meet after the first ball is thrown ? [Ans. 12 sec.] 
9. A stone is throws upwards from a point A at a certain height from the ground. The velocity of the stone 
at a distance h below the point A is double the velocity of the stone at the height h above the point A. Show that 
the maximum height of ascent from the point A is 5/3 A. 
10. A particle is projected upward with an initial velocity u. After ¢ sec. another particle is projected upward 
ELI 
with the same velocity. Show that the particles meet vd z see after the first stone was projected. Calculate also 
their velocity at the time of their meeting. 


[Ans. Velocity of the first particle "Ye (downwards), Velocity of the second particle -l (upwards)] 


MOTION OF A PROJECTILE 


TOPICS : Projection at an angle 0 to the horizontal ; Some important relations ; 
Velocity of projectile, Kinetic and Potential energy ; Range and time of flight ; 
Body projected horizontally from a certain height ; Examples. 


8.1. Introduction : 


Porjectile is a body projected at an angle with the horizontal. So projectile motion is a two-dimensional 
motion in vertical plane. Example : motion of stone thrown horizontally with a certain velocity ; motion 
of the bullet from a gun. 

© The velocity with which a projectile is projected is called velocity of projection. The angle which 

the projectile makes with the horizontal at the time of projection is called angle of projection. 

* The curved path the projectile described in space is called trajectory. 

* The initial velocity with which it is projected is called velocity of projection. 

e The distance of the point at which it falls on a plane is defined as the range on the plane. 

e The time interval from start till it meets the plane i.e. for which it remains in air, is called tlic 

time of flight. 

* The acceleration of the projectile is equal to acuario due to gravity acting vertically downward. 

a8. 

e It has no horizontal acceleration. a,70. 

* For the discussion of the projectile motion, air resistance will be ignored and also acceleration 

due to gravity does not change. 


8.2. Porjection at an angle 0 to the horizontal : 


A body is projected with an initial velocity u at an angle 0 (0 < 1/2) to the horizontal direction 
OX [Fig. 8.1]. The body describes a trajectory OAB and hits the ground at B. It reaches the maximum 
height H at A. The range of the projectile is OB — R. 

e: Equation of the trajectory : We resolve the 
initial velocity u in two mutually perpendicular direction 
OX and OY. The horizontal component along OX is 
u, =ucos 0 and the vertical component of u along OY 
is uy zu sin, 

Thus, the trajectory of the body can be regarded as 
the combination of the two component velocities u, and 

y the horizontal component u, remaining constant 
throughout the motion, The vertical component 1. 
however, continuously changes due to the effect of 
gravity. So, the particle has no horizontal acceleration. 
But it has an acceleration vertically downward equal to 
acceleration due to gravity g. K 


Let at any time ¢ during motion, horizontal displacement is x and vertical displacement y. 


Fig. 8.1 
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7. x 2 u cos 0-t and y= u sin or- gi 


Eliminating ¢ from these two equations 


- u-sin 8-—— e um ND v= —Ž 
7 P E ET . ET. 


gx 
=x tan 0— 
T 2u? cos) 0 
S OLLI ad) CREE ORE SUC MPO ERE BOARD AUS (8.1) 
when a= tan 0 and b = — are constants of motion. 
2w' cos’ 0 


The equation (8.1) is the equation of a parabola. So, the trajectory of the projectile is parabolic. 
Again, horizontal velocity at time f, v, = uy = ucos and the vertical velocity of time t, v, =n, sinO~ g 


The magnitude of the resultant velocity at time / is v — wv t and the direction of the resultant 


v 
velocity at time ¢ is given by tan a = — 
" 


8.3. Some Important Relations in Connection with Projectile Motion : 


(i) Maximum height attained : Let H be the maximum height attained by the projectile. At the 
highest point v, = 0 


20-u-2gH [+ v? =u? -2gh] 
Y u? sin? 0 
2g 


(ii) Time to reach the maximum height : The vertical component of velocity of the projectile / sec 
after projection is v, =u-sin 0- gt 


=u? -sin?@-2gh <. H 


At the highest point (at A in fig. 8.1), v, 7 0. If the projectile takes a time ¢, to reach this point then, 
> u-sin 0 
O=u-sin@-gt, —..5,2——— 
g 
(iii) Time of flight (T) : It is the time during which the particle will remain in air. If T be the time 


of flight then after this time, the projectile will have zero displacement in the vertical direction. Since 
h = 0 we write 


O=u-sin € T-2gT 3 s 2u-sin € 


Band sd e (8.4) 
: g 
(iv) Horizontal range (R) : Horizontal disglacement of the projectile is called its range. So 
R=u,-t=u cos @ T= cos 8-2" € 
g 
2 n 
u“ -sin 20 
ARE E eT AN 7.22 8.5 
a (8.5) 
u 
-. Maximum range, Rmax = — 


R=R max When sin 201 ~. 6 = 45° 
So, If the angle of projection is 45° then its horizontal range will be maximum. 
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In fig. 8.2 we compare the horizontal range of a projectile projected with same velocity but with 
different angles of projection. Y 


: T 
If the angle of projection be (z-o) , the horizontal range 
al 2 
is R= Sani (£-0) - I gin20 
g 2 g : 
So, the range of the projectile is same for angles of 


i 
projection 0 and (z-o) o ; X 
2 Fig. 8.2 
Example 8.1. : A person can throw a ball horizontally upto a maximum distance of 100 m. If 
the person throws the ball vertically upward with the same velocity to what maximum will the ball 
rise ? 
"E 
Solution : Maximum horizontal range, R max =— 
2 


In the case of vertical motion maximum height attained is H = ae H= 
g 


1 
UH AU 100 = 50 m. So, maximum height of ascent = 50 m. 


8.4. Velocity of projectile at any point of trajectory : 


In fig. 8.1, P is a point on the trajectory of the projectile. At this point velocity of the projectile is 
v which makes angle « with the horizontal. 


2. WESOS = 12.008.017» e E a cop or 9 ferai Env LAM tard eet (i) 
[as the horizontal velocity remains unchanged] 


and (v.sin aj 5 (u- sin ey -2gh 


Now, y?icos^ wan? cos2Q : rer In (ii) 
y?-sin? a =u? «sin? 9 -2gh 79 KK aa Sr tee roe See rs (iii) 
From equation (ii) and (iii), vaw -Qehsr onely hesitant a) Aoa (iv) 


It is the equation of velocity of a projectile at any height. 


Q2 | Pane 
u^ :sin 8-2gh u“ sin 0-2gh 
A.. tana = ——————.......... 
u? cos! 0 i u-cos 0 v 
8.5. Kinetic energy and potential energy of a projectile at the highest point : 


At the highest point of the trajectory of a projectile its kinetic energy is minimum, because at this 


Again, tan? a = 


point it has no vertical velocity. At this point, the projectile has only horizontal velocity uy - u:cos 0 


-. Kinetic energy, E, = jme = deer ETT uet Oen e nn p ctc itat (i) 
At the highest point, the potential energy of the projectile is maximum. 
DE 
x 2 n0 | y ki 
The maximum potential energy is E, = mg H=mg = "s = sme SMU Ao ette (ii) 


-. Total energy is E- E, +E, EL which is equal to initial kinetic energy. 
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8.6. Range and time of flight on an inclined plane : 
The angle of inclination of the inclined plane is p [Fig 8.3) 
Y A body is projected up the inclined plane at the angle of projection 
LI 0(0 > f) . It strikes the inclined plane at A. We require to calculate 
^ range along the plane and the time of flight. 
Let the velocity of projection of the body be u. 


The component of velocity along the plane = u cos (0 - f) 
X — and the component of velocity perpendicular to the plane 
Fig. &3 = usin (0-8) 
Similarly, the components of acceleration due to gravity along and perpendicular to the plane are 
=g sin D and ~ g cos P respectively. 


[ j 
It ( be the time at which the body goes from O to A is Om vsin (0-B)r -78 cos p.c 
[as there is no velocity perpendicular to OA] 


(e 


a mc. 6-p) 


g cos 
The equation gives the time of flight. 
During this time, the horizontal displacement of the projectile is OB. 


The horizontal displacement of the body, Ww, =u cos 6 


OB» u cos 0:4 aS sin(0-0) _ 2w? sin (0 ~B)-cos 0 
‘ geo p 


l. - o 
The range along the plane, OA «8. „ 2" _-sin(0-p)-cos0 (89) 
cos p g cos p 


Ex. 82. : The angle of inclination of an inclined plane is f = 30". From the bottom of the planc 
a bullet is fired from a gun up the inclined plane making an angle of 0 = 60° with the horizontal. 
The initial velocity of the bullet is 21 ms, At what height will the bullet strike the plane ? 


Solution : The relation is the equation (8.9) 3 
2w? -sin (0 - B)-cos0 w= 2ims 
orco e 
= 22021) sin(60"-30") cos OF P 3 

9-8 « coy I g29.85m 


So, the bullet will hit the plane at a distance of 30 m from the 
bottom of the planc. 


A body is projected horizontally from a certain height. In fig. 8.4, 
O is the point of projection. The initial velocity of protection is V, 
along the axis OX. The trajectory of the body is OB. After projection 
the body has two types of motion : 
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(4) eornm! motion wah vifo veia ay 
(4) ventrally Gomme aed. wailh aciorienaiad motion 


Due to these two types of motion, the body has diplecement slong OX and sho along OY ac 
vertically dowew ad 


ce rri eee Vy the displacement of the body efter a time / shone OX 
r. 
* During the same time the displacement of the body vertically downward n yesim 

The position of the particle is denoted by P at this bastant 

Eliminating / from the two equations we pet 


Bis’ = = “ > 3 * ai 

L] d) = uei Kr (x drm 

Evidently it is an equation of à parabola So, the trajectory of the particle projected horizontally n 
© Velocity of the body : The horizontal velocity of the body at O along OX is V,» V, and verto! 


velocity at / = 0 is V,90. At time / when the particle is at P, its horizontal velocity remales same a 
V Vy But vertically downward velocity at P is V. 


Hence the resultant velocity at P is "Mc «Wi oer 


The direction of V is given by the angle D with the vertical. 
V, V, 
nune . [S] 
, Ld » " 


© Range of the body : If the height of the point O be H and the body touches the grand arhe + 
time T, at the point C, then the range, R = V,T, = V,T, 


Example AJ. : A ball which was moving on à horizontal table of height 125 m with a veloci 
of dmy’, falls from the table. At what distance from the lower end of the table, will the ball Bit the 
ground ? g = 10me?, ` 

* 

Soletion | From equation (8 10) vx 

Hence Vy = dene! nom gr om 


5 Redu Mx 1m Wi the required distance Mig 63 


* SHORT ANSWER TYPE QUESTIONS (With Anewer) + 


Question i. A body is projected with the horizontal velocity » st the angle of projection 0. 
What will be its vertical and horizontal velocity ot the bighes point of ite trajectory 1 
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Ans. At the highest point of the trajectory, the body is moving horizontally. So, at this point, its 
vertical velocity V, — 0. Since the horizontal component of the velocity of the projectile does not change. 
so its horizontal velocity at the highest point is V,=ucos 6. 


Q. 2. A body is projected at angle 6 with the horizontal with kinetic energy K. What will be 
its kinetic energy at the highest point of its trajectory ? 


Ans. Let the velocity of projection of the body be u. So its initial kenetic energy is Key. 
[m=mass of the body] 


Its initial horizontal velocity u, = u-cos 0 = v cos 45°= ida 
2 
Since the horizontal component of velocity does not change, the horizontal velocity at the highest 
point is also u,. But it has no vertical component of velocity at the highest point. So v,=0 


; now hate loops us. Ske UK 
-. Kenetic energy at the highest point is K, ol: Cines m Ky AY 
Q. 3. If the range of a projectile is maximum then the maximum height attained by the particle 
will be equal to 1/4th of the maximum range. Show it. 
2 
u 


Ans. The maximum horizontal range, Rmax =— 


g 
? sin? 0 
and the maximum height, H - in T | Here 0=45°. 
Het Our Ee Bice tReet 
4g g 4 4 o max — 


Q. 4. The ratio of the velocity of a projectile at the highest point to the vertical component of 


the velocity of the projectile at a height of half of the maximum height is ¥6/7. Show that the 
angle of projection is 30°. 


Ans. If u be the velocity of projection and © be the angle of projection then the velocity at the 
highest point of the trajectory uy =u cos® . 


At any height / at a point the vertical component of velocity is v? = u? -2gh 


2 oin 
In this case, haa av -2g 1- w^ — gH and guess 


2g 
2...» a^sin?0 sin? 0 
Vw See or, v = ul- 
2 2 
zl s 
js ; 
o 2cos? 0 $ 3 ‘ 
“> =—m@— > 8 cos 0=6 UENIRE MO 
7 2-sin?8 5-9: 60r, cos jg 7973 (Proved) 


Q. 5. A person is aiming his gun from the ground towards a fruit hanging from a trec. As soon 
as he fires his gun the fruit begins to fall from the branch of the tree. At what angle with the 
horizontal the gun by placed so that the bullet will hit the fruit. 
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Ans. The bullet will hit the fruit if it is within its range. 
Reason : Let the initial position of the fruit be A (x, y) and the 
bullet hits the fruit at the position B having co-ordinates (xj, vi) . If 


the bullet hit the fruit after ¢ from the time of firing then, ¥ 7 »— je 


Now, the height of the fruit from the ground is 


s d MT 
yy =(vo sin 8)-¢- at [vp=initial velocity of the bullet] 


1 > ETV 
The bullet will hit the fruit if tn = (vo sin ae ^ 


x co-ordinate of the bullet, x = (v, cos 0)7 


or, x= (vo cos): X sun0-X Oe wn (2) 
vo sin 8 x x 


So, the gun should be directed at this angle 0. 
Q. 6. The range of a projectile is R. It passes through a point whose horizontal and vertical 
distances from the point of project are respectively x and y. Show that the angle of projection is 


z} E Ry 
iven by 0 = tan`“! ———— 
£ 7 n E 


Ans. We know that if the angle of projection be 0 and initial velocity of projection of a projectile 


be u then its equation is y= x mE s 


m A. 
Again, horizontal range, R — 2w sin @-cos 0 


g 
2 2 
ee and ph ee 
g 2u“ cos’ 8 R 
x^ tan 0 


Hence from equation (i), y =x tan 0— 


x Ry i Ry 
-.xtan0| 1-— |= e =——— .0-t Ed 
x tan ( x) y or, tan SORS) an Eos 


Q. 7. Two stones are projected from the ground with the same initial velocity. Their angles of 
projections are respectively 60° and 30*. What is the ratio of their maximum heights. 


Ans. We know that the maximum height of a projectile projected at an angle 0 and with initial 


i -sin^ 0 
2 * T 
velocity u is H reme n ". Ha sin*0 
n :n2 60° 
H, _ sin 6, . sin 60' MER er 


H, sin?0,  sin?30 
Q. 8. At what angle a particle be projected so that its maximum height attained is equal its 


horizental range ? 
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Be Dorn) 
Ans. We know, the maximum height attained H = nent 
g 
7 u? -sin 20 oM. 
and horizontal range, R = — ——.—- Where u = velocity of profection and 0 — angle of projection. 
g 


LES s i 
IfH - R, js 8-sin20  .0-tan (4) 
It is the required angle of projection. 


Q. 9. A ball is falling down the steps of a staircase with a horizontal velocity ‘u’. If the height 
of each step is /t and its breadth be ‘b’ under what condition the ball will hit at the end of nth step. 


Ans. Consider the fig. 8.7. If the ball strikes the outer end of nth step. 
its horizontal displacement is R = nb and vertical displacement Y = n% 


Horizontal velocity of the ball = ų and its initial vertical velocity = 0 


1 
<. nb=ut and nh= 2E. [¢ = necessary time] 
l (* J 2hu^ 
"nh-2-g|—| or, n= = 
2) Neu gb 


Q. 10. What would be the nature of trajectory of one projectile with 
respect to another projectile? 


Fig. 8.7 


Ans. The path of one projectile with respect to another projectile will be 
a straight line. 


Explanation : Let for the first projectile, the angle of projection and the velocity of projection be 
0, and v, respectively and the corresponding quantities for the second projectile are 0, and v,. 

So, after a line ¢ the X-co-ordinate of the first projectile with respect to the second projectile is 
x =(y, cos 0, =v, cos 63) i 


and its Y-co-ordinate, y — (v, sin 6, —v, sin 85)r. 


x Vj cos O; —v; cos 0; 
M ALCUNE 


" 7 = m (constant 
y vsin 0; —v, sin 0, ( ) 


1 
y ces It is an equation of a straight line. 


Q. 11. Two bodies are projected simultaneously — one from the top 
and the other from the bottom of a tower, at angles œ and f with horizontal u 
with the velocities u, and u, respectively. Both the bodies reaches the 
point A on the ground at the same time. If the distance of the point A 


from the bottom of the tower be x and height of the tower be /i, show 
that / = x (tan B — tan o). 


Ans. The situation is shown in fig. 8.8: In the case of the first body 
) 1 T (er as 
-h - (uy sins ge and for the second body, 0 = (u, sin B) -der M——— x — A 


^ (ui sina) th = (u sin B)r 
x = x 


But t= = 
u, cosa  ucosp 
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s. (u sin oc h- in B)- 
(n ls cos a. piat uy cos p 


“A+xtana=xtanB ..h=x(tanB—tana) 


Q.12. A particle of mass m is projected at an angle 45° with the horizontal with an initial 
velocity of u. If the particle rises to the maximum height /t, calculate its angular momentum with 
respect to the point of projection. 


" * z u 
Ans. Horizontal velocity of the particle, u, = ucos 45°= —— 


At the highest point the particle has no vertical velocity. So at the highest point, linear momentum 
mu 
of the particle is p=—= 
42 


2 


Now, the maximum height attained by the particle, h= io 


^. Angular momentum of the particle with respect to the point of porjection is 


2 3 
L = momento? linear momentun ATu dioit 


Le ee 2 
42 Ag. 442g 


e MISCELLANEOUS EXAMPLES ¢ ] 


Example 8.4. : A body is projected with a velocity of 10 ms"! at an angle of 30° with the horizontal. 
(i) How much time will it take to reach the maximum height ? 
(ii) What is the velocity of the body after 03 sec ? g = 10ms?. 
Solution : Initial velocity u = 10 ms™. Its horizontal and vertical components are 
u, = u cos 30°= 10x 0-866 = 8:66 ms! and u, =u cos 30*- 10x0-5-5 ms”! 
(i) At the maximum height, the vertical component of velocity is zero 
“0=u, - gt iu Ened ed) Sine 
4 g 10 
(ii) Vertical component of velocity after 0.3 sec. is v,=5-0-10x0:3=2 ms^! 
and horizontal component, v, =8-66 ms"! 


: v 3 ^ 
A pum NS +v = \(8-66)” +(2)° =8-9 ms"! and tan @= s - is “0 = tan”! (0:23) 


Ex. 8.5. : An enemy plane is moving horizontally at a height of 
2 km with a velocity of 300 ms. A soldier aims his gun to shoot down 
the plane. When the plane is just over his head he fires a bullet with 
a velocity of 600ms-!, 

(i) What should be the angle of projection so that the bullet 
will hit the plane ? 


(ii) What should be the minimum height so that the bullet 
cannot hit the plane ? 


Solution : (i) The horizontal velocity of the enemy plane is 
300 ms"!. In fig. 8.9, O is the position of the soldier and at the time 
of firing A is the position of the enemy plane. 
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Let the bullet strikes the plane at the position B after a time 4: 


So, during this time, distance travelled by the plane will be equal to the horizontal displacement of 


the bullet. 
^ AB=V-t=u,t 


^ Vt=ucos®-t or, toig Mie ano = 
u 600 
-. Angle of projection of the bullet 0 =60° 
(ii) The bullet will not hit the 
of the bullet. 


0-5 


plane if height of the plane (4) is equal to maximum height of ascent 


u? sin?@ _ (600) x sin? 60° 


ERSA E ee "HS19:5x l0 m-— 13-8 k 
m $m nAz13:5xI0 m 13.5 km 


Ex. 8.6. : Two parallel screens are kept vertically at a separation of 100 m. A bullet first passes 
through the screen A and then through the other screen B. The hole on the screen B is 10 cm below 


the hole in A. If the bullet strikes the screen A horizontally, calculate the horizontal velocity of the 
bullet when it hits the screen A. g = 9:8 ms?, 


Solution : The arrangement is shown in fig. 8.10. 


A B Let the horizontal velocity of the bullet while hitting the screen A = 1 
ms. If the bullet hit the screen B / sec. after it hits A then, in time / sec. 
the bullet travels 100 m horizontally and 10 cm vertically downward. 


def Es LO vira us tosh td o es (i) 
1 
10cm — and d. EXON, ae Eon ds NTE A A (ii) 
a s 2x01 1 
From equation (ii), ¢ = =— sec. 
. j E 
i i e 1. ijo 72700 m/ 
Fig. 8.10 and from equation (i), ean x/= m/s 


Ex. 8.7. : A ball is projected at an angle of 30° with the horizontal with a velocity of 20 ins 
the top of a tower of height 40 m. (i) When and at what distance from the bottom of the tower 
ball touch the ground ? (ii) Also calculate Velocity of the ball when it reaches the ground. 


Solution : From the top of a tower AB, the ball is projected with a velocity of 20 ms 
30° with the horizontal [Fig. 8.11]. ACP is the trajectory of the ball. 


At the point A, horizontal velocity of the ball is u, = 10/3 ms"! and vertical velocity u, = 10 ms"! 


7! from 
will tlie 


*! making angle 


3 a ; oes ] 
(i) If the ball strikes the ground after ¢ sec. from the time of projection then, h= u, (eg 


u 
Here, u, =-10 ms" (downward), e 10 ms? and 4-40 m. 
Ji 
2 40 = 101+ x 10r 0 -2:-8-0 A C 
24432 j 1 
t= 2 7. t — 4sec. (taking +ve signals) P 
So, the ball will reach the ground after 4 sec. B 


k— R —— 
If the ball reaches the ground at P then its horizontal distance A 
BP =u, -t=10V3x4 =40/3m Fig. 8.11 


— rr a an’ 
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(ii) the vertical velocity of the bullet at the time of striking the ground is 


! and its horizontal velocity, v, =u, = 1043 ms"! 


HA TT 
Resultant velocity of the ball, v = wv vl Sym 1043) « (30) 234.64 m^ 


Ex. 8.8. : A projectile 2 sec. after its projection makes 30° with the horizontal. After next I sec. 
the projectile becomes horizontal. Calculate initial velocity and angle of projection of the object. 
g =10 ms? 


vy, =u, + gt= -10+10x4=30 ms” 


Solution : Let u be the velocity of projection and 0 be its angle of projection, It is evident that the 
projectile becomes horizontal afjer 3 sec. and so it rises to its maximum height after 3 sec. 


5: uno Wwsidss0ma i eR E e te db ed (i) 


g 
Now, assume that 2 sec. after projection the velocity of the body is v and angle with the horizontal 
is B=30°. The horizontal and vertical component of velocity at this instant is 


Vy =V COS 30° U-COSO sere err (ii) 
and v, =¥ sin 30? also v, 2 u:sin 0 — gt 

2 Vy =ursin 0- gt =30-10x2=10 

vsin 30°= 10-or, v220. ms; wines cete (ii) 


From equation (ii), cos 0 = 20x - — o Esempi (iv) 
by equation (i) and (iv), 17 = (30)? +(10V3) = 1200 -. w= 34:64 ms” 


and uno =- =A 7. 8 = 60° 


0J3 


So, the initial velocity of projection is 34:64 ms! and angle = 60°. 
Ex. 8.9. : A particle projected with the velocity 2/gh just crosses two vertical walls which are 


h ` 
at a separation of 2/i. Height of each wall is also /t. Show that it will take a time 2 to cross the 


two walls. 
Solution : |n the fig. 8.12. O is the point of projection. BC is the separation between the walls each 
of height ^ [Fig. 8.12]. 
Let the body takes z sec. to rise to the height A. 


l 
Ma huy a - 2 gh -sin 01-7 gr 


^. gt? - A ghsin 0 (2h - 0 

From this quadratic equation we get two values for £. If these two 
values be /, and ¢,, we conclude that at these two times the particle o 
will just cross the top of the two walls. 


44 gh sin 0 2h 
Now, hth 2——— — and t/j = — 
g 


2 2 l6gh-sin? © 8h _ 8h 
a (4-h) =(4+4) V erar s acida" 


sor [2 sin? 0-1] 
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PO E 2 si 6-1 
g 
Evidently during this time interval the particle travels the distance-of 2h. . 


Now, the horizontal velocity of the body, u, =2./gh cos 0 
+. 2h=u,-t=2, gh cos 0-t [r2 -t)] 


= 2,/gh-cos 0x E e sin?0-1) or, h=V8-h cos 0-42 sin? 9-1 
g 
J. 1=8 cos” 6 (2 sin? 0-1) =8 cos 6 (1-2 cos” 9) 


2 
it (4 cos 8-1) 20. 5 co? ge Land sin^ 8 =. 
2 4 


1/2 
e (5.321) -2 E sanat 
g 4 g g 


Ex. 8.10. : From the top of a tower of height 10 m two bullets are fired at a certain time 
interval. Both the bullets have the same initial velocity of 543 ms™"., One bullet is fired at an angle 
of 60* with the horizental and the other is fired horizontally. The bullets meet at P in air. Determine 
(i) time interval between the two bullets, (ii) co-ordinates of the point P. [g — 10 ms?| 


Solution : The situation is shown in fig. 8.13. Let the first bullet reaches to point P at time /, and 
the second bullet at time /,. The horizontal displacement for the first bullet in time 1,. 


5 
x, = 545 cos 60°- t sg 1, and vertical displacement 
j 1 
(downward), yı = 10+5/3 sin 60°; ex 


The corresponding quantities for the second bullet is 


Xj 2545 6 and y, = 10-7 gd 


d » In the case x, =x, and y; = y» 


5 
Fig. 8.13 EE ESNI DILA 5265... 158 ALN (i) 


‘and 10+53-sin 60°- Lr ot -10-lg] 


kk opea. 1 2 oe caer hs 15 

Bs ed ~38 (4) uu ao o^ x2t; 
; ; 

“5% 10%03 71506, or, t; 2 1sec. — 2.4) = 2 sec. 


(i) Time interval between the firing of the bullets, 4; -t =1 sec 
T 1 2 
Gi) x, 2543-1, = 543 m 9 = 10-5 x10x(1)" =5m 


So, the co-ordinate of the point P = (543 m, 5m) 
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Ex. 8.11. : The equation of locus of a particle in a vertical plane y = 4x — bx? where a and b 
are constants. x and y are the horizontal and vertical distance from the point of porjection. Calculate 
(i) maximum height of the particle and (ii) Angle of projection with the horizontal. |l.l.T. 1997| 

Solution : Consider the fig. 8.14. The velocity of projection is u and the angle of projection with 
the horizental is ©. Initial horizontal and vertical velocity of the particle are 

u; =u-cos 0 and u, =u sin @ 

At any point P in the trajectory, the co-ordinates of the particle is (x, y) 

where 


x=u-cos@t, y-usin 91-7 


x 1 s 
From these two equations : y = u-sin 98————-—8— —75- 
1 cos0 2 d u? -cos? 8 


2 


gx 
y=x tan a isse re m eh e nn 
2u? cos” 0 
Now, the equation of trajectory of the particle y Sa Bie a es INE (ii) 
Comparing these two equations we get tan OR Os tari (ia) cabs,» os ines (iii) 
g " 
and j=- S ocsvbubecteom ydg opes ono Be M DE D (iv) 
2u? cos? 0 


P 2 Deane in? 
~. Maximum height attained by the particle is H DUI SEDREU aed ; 
p 28g 2g  2bcos 0 


Angle of projection, 8 — tan^'(a) and maximum height, H — e 


Ex. 8.12. : A particle is projected from the ground at an angle 0 with the horizontal. It strikes 
a vertical wall horizontally at a height y. The wall is located at a distance x from the point of 


2 
x 
projection. Prove that the velocity of projection is given by u= sfz y 5) 


Solution : Evidently the particle strikes the wall at the highest point of 
its path where the vertical velocity v,=0. 1f the particle strikes the wall after 
t sec then : : 


sin 0 
0= u sin 0- gt poo 
g 
in@ 12° sin 20 
and PH ery nan een ML BAR (i) 
ETC 
Bie $222 DCAD E 
also Frag NE or, MAG a a ea i SR (ii) Fig. 8.15 
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2 4 2 2 
28m 20 1-5 p 77 cosi0 i094 Dunk itio iet nd (iii) 
2y 4g" u'sin0 g 
u>-sin?@ sime u? 
2y+ =— + 
2y g g g 


2 
d 
u- (o (Proved) 


Ex. 8.13. : The horizontal range of a projectile is R. For two different trajectories the maximum 
heights are H and H’ and the corresponding times of flights are f and /'. Prove that 


R = 4/HH’ = jer 3 


Solution : For both the trajectory horizontal range is R. So the angles of projections are 0 and 
(90?-0) ; 


^ R = u cos 0-1 = u cos (90-0):/* = u sin 0-1 


2 i 
Again Rowsin2e 2. Sino uncon = ES RC n R=>git' 
Li g g dut 2 
IET E 
Also, Aen sin" (90 ) u cos 0 
2g 2g 2g 
s HAY = Esin? O uw? cos? O | fi _ usin @ cos R "EM 


2g 2g : 2g 4 


1. What is meant by two dimensional and three dimensional motion of a body ? 


2. From the top of a tower a body is projected vertically upward and another body is thrown downward with 
the same velocity. Which body will have greater velocity on reaching the ground ? Explain your answer, 


3. From the top of a tower a stone is projeced horizontally and another stone is dropped simultaneously trom 
the same point. Which stone will touch the ground earlier ? Explain your answer. 


4. What should be the angle of projection so that the horizontal range is equal to maximum height ? |Ans. 7e"| 


5. A lift is discending with a uniform velocity. A person in the lift drops a coin. What is the acceleration of 
the coin with respect to the person ? 


A. Short Answer type Questions : 


6. A body is projected at an angle 0 with an initial velocity u. Its horizontal range is R. What is the other angle 
of projection so that its horizontal range will remain unchanged ? [Aus. 1/2-0| 


7. 'The barrel of a gun and a target suspended by a string are in the same horizontal level. As EJ 


is fired from the gun. the target starts falling by breaking the string. Will the bullet strike the target ? 
answer. 


as the bullet 
ixplain your 


8. In the case of broad jump. is it better to jump high to get better result ? What are the factor which determines 
the distance through which an athlete can jump ? 


9. Different particles are projected simultaneously from a point with the same velocity V in different directions 
in the same vertical plane. Show that, after a time 1 the particles will lie on a circle. 


10. From the top of tower of height / a body is projected horizontally with a velocity w. After what time. the 
body will touch the ground ? 
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11. Does the distance covered in the case of long jump depend on height attained during jumping 2 


12. A porjectile is projected with an initial velocity v. If the horizontal range be twice the maximum height 
attained, what is the horizontal range. [Ans. hP/5y] 


13. A boy can jump to a maximum horizontal distance of 20:4 cm. What is the horizental component of his 
speed of running ? [Ans. | ms || 


14. When a train is moving along a horizontal line, a boy inside the train drops a ball through the window ol 
a compartment, what is the trajectory of the ball after hitting the ground ? 


15. An aeroplane is flying horizontally with a velocity u at a height A above the ground. If a packet is dropped 


from the plane, after what time will the packet reach the ground ? [Ans. 12 J2h/ «| 
16. A ball is projected with the initial kinetic energy K making an angle 0=45° with horizontal. What will be 
its Kinetic energy at the highest point of its path ? [Ans. K/2] 
17. A body is projected vertically upward with the velocity v= Ver when R = radius of the earth. and 
g = acceleration due to gravity. To what height will the body rise ? [Ans. H= R| 
18. The co-ordinates of a moving particle at any time are x=ci? and y=b where c and h are constants. What 
" di d) 3 [AE 
is the velocity of the particle ? (Hint Wer AU 2ct and v, db = 2b isv= ve UM = vc" b | 
K is a 4 


B. Essay type Questions : beso 


1. A body is projected at an angle 6 with the horizontal with the velocity of projection u. Shaw that the 
trajectory of the body is parabolic. d 


2. Show that the horizontal range of a projectile is same for the angle of projection 0 or (1/2-0). 
3. Find the expression for the velocity of the particle when t is at a height h from the point of projection. 


4. A stone is projected horizontally from the top of house of height A. Show that the trajectory of the stone 
is a parabola. After what time and at what distance from the bottom of the house will the stone touch the ground ? 


5. From the ground, a gun is aimed towards of monkey which is sitting on the branch of a tree, As soon as 
the gun is fired, the monkey starts falling freely. Will the monkey be hit by the bullet ? Explain your answer. 


6. A projectile is projected at an angle 0 with the horizontal along an inclined plane of inclination [J, Obtain 
the expression for the range of the stone along the inclined plane. 


C. Simple Problems : 
1. A body is dropped from a certain height. At the same time another body is thrown downward with an initial 


velocity 1 ms-!. After what time the separation between the bodies will be 18 m. [|Ans. 18 sec.| 
2. With what minimum velocity and at what angle a stone should be projected so that it can strike an object 
situated at a horizontal distance of 200 km. [Ans. u = 1414 ms V. 2 45"| 


3. Bullet is fired horizontally with a velocity of 300 m/s from a gun situated at a height of 441 m. 

(i) After what time and at what distance the bullet will hit the ground ? 

(ii) When it strike the ground, what will be its horizontal and vertical component of velocity ? 

[Ans. (i) 3 sec ; 900 m, (ii) 300 ms 1! 294 ms |] 

4. From the top of a staircase a ball is falling with a horizontal velocity of 2 ms~!. Height and breadth of cach 
step are each 025 m. At which step will the ball strike ? g = 98 ms? [Aus. 4th step] 

5. A piece of stone is projected with an initial velocity of 25 ms"! making an angle 0 with the horizontal. After 
2 sec. it just goes over a wall of height 5 m. Calculate (i) angle of projection (ii) maximum height the stone can reach. 
(iii) the distance of the point on the ground from the wall where the stone touches the ground. g = 10 ms 2 Neglect 
air friction. [Ans. (i) 30°, (ii) 78 m. (iii) 108 m| 


6. For a projectile the horizontal range is R and angle of projection 0. Show that the equation of motion of 
' the projectile is y ^x tanQ(1— x / R) 
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7. From the top of a tower of height 25 m a body is thrown horizontally with an initial velocity of 15 ms. 
Calculate kinetic energy and potential energy of the body 1 sec. after the motion starts. Mass of the body = 02 kg : 
g=98 m/s?. [Ans. 322 1 : 394 J| 

8. An aeroplane drops a bomb while moving horizontally with a velocity of 490 m/s at a height 1960 m from 
the ground. After what time will the bomb hit the ground ? What is its velocity then ? 

If the target is situated at a horizontal distance of 10 km from a point on the ground just below the position 
of the plane at the moment the bomb was dropped by what distance will the bomb miss the target ? 

[Ans. 20 sec. : 5274 ms^! at angle of 21°48! with the horizontal : 02 km| 

9. An aeroplane is moving horizontally with a velocity of 600 km/hr at a height of 1960 m from the ground. 

When the plane is just above a point A on the ground, an object is dropped from the plane. The balls falls on the 

ground at the B. Calculate the distance AB. g = 9:8 ms. [Ans. 3:33 km| 

10. Several particles are projected in a vertical plane from a point with the same velocity V in difference 
directions. Show that the particles will remain in a circle after a time ¢. What is the equation of the circle ? 


[anes sprze joo] 


11. A football is kicked with a velocity of 19:6 ms-! at 45° with the horizontal. A man initially at a distance 
of 675 m along the same straight line immediately starts running towards the ball. What should be his speed of 


running so that the man will be able to catch the ball before it fall on the ground ? [Ans. 10 ms !| 
12. From the top of a tower 29-4 m high, a body is projected with a velocity of 9.8 ms~! at 30° below the 
horizontal. After what time the body will hit the ground ? g = 9:8 ms, [Ans. 2 sec.] 


13. At what angle with the horizontal a body should be projected so that its horizontal range be equal to the 
maximum height attained by it. [Ans. tan! 4| 
14. A boy can throw a ball to a maximum height of 50 m. To what maximum horizontal distance the boy will 
be able to throw the ball ? Also calculate time during which the ball will remain in air ? 
[Ans. 100 m ; 45 sec. (approx.)| 
15. A sione is thrown from the top of a tower of height 98 m with a velocity of 784 ms~! making an angle 
of 30° upward with the horizontal. At what horizontal distance from the bottom of the tower, the stone will hit the 
ground ? g = 9:8 ms? [Aus. 392 m| 
16. The horizontal range of body is 200 m when it is projected at a certain angle with the horizontal. Its time 
of flight is 5 sec. Calculate the horizontal component of its velocity at the highest point of its trajectory. 
5 [Ans. 40 ms !| 
17. Two bodies are thrown from the same point — one vertically upward and the other at 60° with the horizontal. 
Initial velocity of both the balls is 25 ms-!. What would be the distance between the bodies 1:7 sec. after projection ? 
[Ans. 22 m.| 
18. Two particles are dropped from the same height at a time interval of 1 sec. Show that after ¢ sec the 
separation between the two particles is 1/2 g (21-1). 
D. Harder Problems 


1. From the top of the inclined roof of a house a block of ice is sliding down along a line of maximum slope. 
The angle of inclination of the roof with the horizontal is 30°. The highest and lowest points of the roof are at 8-1 
m and 5:6 m above the floor. At what horizontal distance from the initial point ice block will touch the ground ? 


[Ans. 9 m] [I.I.T. 1972] 
2. A particle is projected with the same velocity but in two differences directions. But both the particles have 


the same horizontal range R. The times of flight in the two cases are 1, and t, respectively. Show that R = !/, g US 
& = acceleration due to gravity. 


3. A body of mass 5 kg in projected at 60° with the horizontal with a velocity of 20 ms~!. At the heghest point 
of its trajectory it breaks into two fragments of mass 1 kg and 4 kg. After explosion the fragments move horizontally. 


As energy is released due to explosion total kinetic energy at the highest point becomes double. Calculate the 
separation between the two pieces when they reaches the ground. [Ans. 4425 m] |L.I.T. 1990] 
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4. A body is projected at an angle of 60° with the horizontal. Calculate its range along an inclined plane of 
inclination 30° in the following cases : (i) When the particle moves up an inclined plane. (ii) When the particle moves 
down to the plane. [Ans. 69:66 m : 1393 m| 

5. A bullet of mass M is fired at angle 0 with the horizontal with a velocity of 50 ms-!. At its highest point 
of its path the bullet strikes a pendulum bob suspended by a string of length 10/3 m. After collision the pendulum 
rotates by 120* in a vertical plane. Calculate : (i) angle 0, (ii) co-ordinates of the initial position of the pendulum 
bob, assuming the point of projection of the bullet as the origin. g — 10 m/s?. 

[Ans. (i) 0 = 37^ : (ii) x 2120 m, y = 45 m] [LLT. 1988] 

6. A body is projected at an angle of 60? with the horizontal with a velocity of 15 ms~!. Calculate (i) Kinetic 
energy and potential energy of the body 1 sec. after the motion starts. (ii) Kinetic energy and potential energy at 
the highest point of its trajectory. Mass of the body 02 kg, g — 98 m/s? [Ans. (i) 66 J, 15:9 J, (ii) 57 J. 168 J| 

7. A plane is moving horizontally with a velocity of 600 km/hr. When the plane is just above the point A on 
the ground a pilot with the parasuit jumps from the plane. After 10 sec. the parasuit opens and then the pilot descends 
with a velocity of 2 ms. When the pilot touches the ground at B his velocity is 8 ms~!, Calculate (i) height of 
the plane from the ground and (ii) distance AB. g = 98 m/s? [Ans. 2875 m ; 9:17 km] |J.E.E. 1984] 


8. A car is running along a horizontal road with a velocity of 72 km/hr. A rifle is kept on the road. When the 
distance of the car from the rifle is 500 m, a bullet is fired at an angle of 45° with the horizontal. (i) At what distance 
from the rifle, the bullet will hit the car, (ii) What is the velocity of projection of the bullet from the gun ? 

[Ans. (i) 7469 m ; (ii) 85:86 ms^!] [J.E.E. 1996 

9. A vertical wall of height 14:7 m is at a distance of 19:6 m from a person. At what angle with the horizontal 

a body is to be projected with the velocity of 19:6 ms"! so that it just passes over the wall ? g = 98 m/s?. 
[Ans. tan*! (2) 

10. A body projected at angle 0 with the horizontal can pass over two vertical walls just touching it. Height 
of each wall is ‘a’ and they are at a separation of *2a’. Show that the horizental range of the body is 2a cot 0/2 

11. Two particles P and Q of masses 20 g and 40 g are simultaneously 
projected from two point A and B on the ground. The initial velocities of P 
and Q makes 45° and 135° angles with the horizontal AB as in fig. 8.16. Each P Q 
particle has initial speed of 49 ms~!. and AB = 245 m. Both particles travel 
in the same vertical plane and undergo a collision. After the collision P 45° 135° 
retraces its path. Determine the position of Q when it hits the ground. How A B 
much time after the collision does the particle Q take to reach the ground ? 

Take g=98 ms?, [Ans. 1225 m from A or B ; 3:53 sec] [LI-T. 1982] Fig. 8.16 

12. From the top of a tower of height 4 two particles are projected simultaneously with the same initial velocity 

v at the angles of projection of a and f) respectively with the horizontal. If the particles drops on the same point 


2y? (1 tana tan B) 
g(tana tan py. . 


13. A particle is projected at one end point of the horizontal base of a triangle. It goes touching the vertex of 
the triangle and falls. on the other end of the base of the triangle. If the base angles be a and f. Show that angle 
of project 0 satisfied the relation. tan 0 = tan & + tan p. 


on the same horizontal level with the bottom of the tower, prove that A= 


NEWTON'S LAWS 
OF MOTION 


TOPICS : Laws of Motion ; Discussion of first Law ; mass and inertia ; momentum ; 
Discussion the Second Law ; Units of force ; Impulse of a force ; Impulsive force ; 
Inertial and non-inertial frome ; Discussion of third law motion ; Determination of 
. equation of motion and acceleration ; Law of conservation of linear momentum ; 
Collision between two bodies moving in a straight line ; Coefficient of restitution ; 

Elastic collision between two bodies ; Perfectly inelastic collision ; Partly elastic 
collision ; Examples. 


9.1. Introduction : 
In the preceding chapters we have been dealing with kinematics only, that is, we have been considering 


only different kinds of motion, and the effect thereof on the position, velocity and acceleration of 


particles without entering into the causes which produce these motions. : 
In this chapter we will be concerned with the causes that influence the motion of objects. The laws 
governing the motion will be discussed. We shall introduce two new concepts — mass and force. 


The aspect of motion concerning the causes of motion is called kinetics or dynamics of motion. 
Kinetics refer to what moves and what causes it to move. Newton’s laws of motion which deals with 
the mass of a body and the forces which causes the body to move are considered as the pillars of 
dynamics of motion. 


9.2. Newton’s laws of Motion : 


Sir Isaac Newton in his celebrated work ‘Principia’ enunciated three fundamental laws governing, 
motion. These laws known as *Newton's laws of motion’, actually constitute the foundation of classical 
mechanics. These laws are more or less axiomatic and had been formulated on the basis of common 
sense and experience. They have been varified indirectly for bodies of ordinary sizes by experimenting 
on the results deduced from the laws. Also, the exactness with which the positions and motions of 
bodies on earth, as also of celestrial bodies like sun, moon and planets have been predicted from 
calculation based on these laws provide the strongest support towards the assumption of the laws as 


fairly true. These laws are applied with astonishing success to explain various problem in physics and 
engineering. The laws are : 


First law : Everybody continues in its state of rest or of uniform motion in a straight line unless 
it is compelled by a external unbalanced force to change that state. 


© Second law : The rate of change of momentum of a body is directly proportional to the’ applied 
force and the change takes place in the direction in which the force acts. i 


© Third law : To every action there is an equal and opposite reaction. 
9.3. Discussion of the first law : 
For'convenience of discussion we divide the first law into two parts : 


The first part of the law, namely “everybody continues in its state of rest unless it is compelled to 
change that state by an external applied force”, is a common experience and hence it is easy to understand. 
If we place a.book on a table, it stays there unless someone removes it i.e. applies a force on it. 
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The second part of the law, namely “everybody continues in its state of uniform motion in a straight 
line unless it is compelled by an external force to change that state” is difficult to understand because 
it is contrary to our common experience. A piece of stone rolling along a floor comes to rest after going 
a certain distance. If the surface is smooth and the body be a smooth light ball then it will roll over a 
longer distance before it stops. If it is possible to remove all air from the room, we should expect the 
ball to go still further. Actually the ball stops because of friction. If we imagine friction to be completely 
absent, then it is easy to understand why a body in a state of uniform motion must continue in that state 
for all time. It should never come to rest. 


Also the phrase ‘in a straight line’ which occurs in the statement of the first law must be carefully 
noted. The direction as well as the speed of a moving body will remain the same unless a force acts on it. 


So, from the first law, we can qualitatively define force as something which acting on a body, 
changes or tends to change its state of rest or of uniform motion in a straight line. Hence if a body 
be at rest, anything which changes its state of rest is a force. Thus in the absence of a force, a body at 
rest will continue to be at rest indefinitely. 


Similarly, if a body be in motion, anything which changes its motion is a force. So in absence of 
a force, a body in motion will have its motion unaltered i.e. it will continue to move uniformly in a 
straight line.. These two statements together form the first law. 

So, whenever we want to set a body in motion, change its motion, stop it or speed it up or slow 
it down, or even change its direction of motion, we have to apply a force. 

So, Newton's first law embodies two aspects : (i) Force and (ii) Inertia. 

(i) Inertia : The tendency of a body to continue in its state of rest or of uniform motion is absence 
of any external force, is defined to the property of inertia. Hence Newton's first law of motion is also 
referred to as the law of inertia. 

Inertia is the inherent property or tendency of a body to resist any change in its state of rest or of 
uniform motion in a straight line. A body is said to have large inertia if it is difficult to change the state 
of rest or of uniform motion. An object, such as a heavy truck or a heavy stone has a large amount of 
inertia. If it is at rest it is difficult to make it move. On the other hand, if it is in motion it is also difficult 
to stop it or change its direction of motion. Thus the term mass is a measure of inertia of a body. Larger 
the mass greater is its inertia. Obviously, the property of inertia may be of two kinds : 

(a) Inertia of rest and (b) Inertia of motion. 

(a) Inertia of rest is defined as the property of material objects to persist in their state of rest. 

(b) Inertia of motion is the property of a body to continue in its state of motion along a straight like. 

Several examples may be given on inertia of rest and inertia of motion : 

* Inertia of rest : 


(1) Card and coin experiment : Suppose a coin is placed on a card which is kept over a glass tumbler. 
If now the card is flipped quickly, the coin falls into the tumbler. This is due to inertia of rest of the coin. 


(2) Standing passengers fall backward when the bus suddenly starts. This is because upper portion 
of the body tends to remain at rest even though the lower portion of the body in contact with the floor 
of the bus are set in motion with the bus. 

(3) Sudden jerk breaks the lower string. Suppose a heavy block is suspended by string A and an 
idential string B is attached at the lower end of the block. On pulling the lower string B, two things 
happen — if we pull lower string slowly and steadily the upper string breaks ; but if we pull lower string, 
with sudden jerk the lower string B itself breaks down. It is because of the fact that the inertia of the 
block is so large that it isolates the upper string from the jerk. : 
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e Inertia of motion : 


(1) Standing passengers fall in front when a moving bus suddenly stops or if a passenger alights from 
moving bus absent mindedly he is thrown forward. These are the examples of inertia of motion. When 
1e bus suddenly stop or when a person alights from a moving bus, the lower portion of the body stops. 
jut the upper portion of the body due to inertia will tend to continue its motion in the forward direction 


(ii) When a whirling electric fan is switched off, the blades of the fan do not stop immediately. The 
lades go on whirling for some time due to inertia of motion, the speed gradually becoming slower duc 
to friction, air resistance etc. 


(iii) The bob of a pendulum is pulled from its mean position upto P and 
then released. Due to earth's attraction it will move toward O [Fig. 9.1]. Due 
to inertia of motion the bob will not stop at the mean position at O, but will 
swing upto Q. Then again it will come back to O and go back to P again. Due 
to earth's attraction and inertia of motion the bob will continue its oscillatory 
motion, until air friction stop it. 


N.B. If two or more forces acts on a body such that their resultant is zero 
then due to simultaneous action of the forces, the position of the body will 
not change and no acceleration will be produced in it. For example — assume 
a ball a placed on a table. Weight of the ball acts downward and table also 
exerts an upward force on the body. Net force is zero. Hence the ball does 
Fig. 9.1 not have any motion. b 


Hence the force mentioned in the first law is the unbalanced force. Only unbalanced force can 
produce change in motion of a body. 


To maintain the uniform rectilinear motion of a body no external force is needed. 
9.4. Mass and Inertia : 


From our everyday experience we know that if the mass of a body is large, greater force is required 


to stop a moving body. A moving train cannot be stopped easily. But a car moving with the same velocity 
as the train can easily be stopped. 


So we say that heavier body has greater inertia and for 


lighter body less is the inertia. Hence mass is the measure of (A) 100000008 


inertia. 


pel Va Vy 
Now the question is how can we compare the masses of “)) «€@— 


two bodies ? In this connection we discuss a simple experiment. : 
Two spheres A and B of different masses are attached at the Fig. 9.1(a) 
two ends of a compressed spring [Fig. 9.1(a)]. 


Now, the spring is cut suddenly at the middle. The spheres will move in opposite direction with 
velocities V, and Vg. Let the velocity V4 of A is smaller than velocity V, of B. The reason for the 
difference in velocities is : inertia of A is greater than that of B. 


The same experiment is performed with another spring of different force constant. If now the 
velocities of A and B are V4 and Vj. But the ratio of the velocities with remain. same. 
(Wie 
“Va Ve 
Since the ratio of velocities is same, it is evident that the ratio must depend on a particular property 
of the spheres. This property is the inertia of the body. Now inertia of a body is measured by its mass. 


NEWTON’S LAWS OF MOTION ; 137 


As the body of larger inertia with move with smaller velocity so we conclude that the ratio of velocities 


V, : t 

—^. will be equal to inverse ratio uum. Hence ANAL p: 

Vp my Va Ma 

So, due to the application of same force, lighter body will have larger velocity. 
9.5. Momentum : 


From Newton's first law of motion we know that if no external force acts on a moving body. it will 
move with constant velocity along a straight line. : 


Now, let two bodies of different masses move with the same velocity. We see that greater force is 
required to stop the heavier body than the lighter body. Hence to stop a moving object force required 
depends on its mass. It is a matter of common experience that the force required to stop a moving body 
depends on its velocity also. Suppose a car is moving very slowly ; a small force will be needed to stop 
it. But if it is moving with a high velocity, a much greater force is needed to stop it. 


Thus, we see that the force required to stop a moving object depends on two factors : (i) its mass and 
(ii) its velocity. In this connection, Newton defined a new quantity called momentum which is the product 
of mass and velocity of the body. Momentum actually denotes the quantity of motion of the body. 


In symbol, the momentum P of a body of mass m moving with a uniform velocity is given by 
T. = 
P-mV pie Ba (9.1) 
e Unit of momentum (i) C.G.S. unit is g cm s-t; (ii) SI unit is kg ms. 
e Dimension of momentum : MLT! 
P is called linear momentum as the body is moving along a straight line. 


9.6. Discussion of the Second law : 

When a force acts on a body, its velocity changes. As a result its momentum also changes. According, 
to Newton’s second law, the rate of change of momentum i.e. the change of momentum per sec. Is 
proportional to the applied force. 

Assume that a body of mass moves with a velocity u. Now a force F is applied on the body 
producing an acceleration ‘a’ in the direction of motion. After a time /, the velocity is v. 


So, change of momentum in time / = mv — mu. 


mv—mu y-u 
<. Rate of change of momentum — —— — = nf ) ma 
t 


So, by the second law, F a ma or, F = Kma. 

K isa constant whose value depends on unit of force. 

We choose a unit of force in such away that a unit force acting on a body of unit mass produces 
unit acceleration. 

Then, 1 = Kxlxl. So, K = 1 

If the unit is fixed in this manner F = ma...---+--- 00 see rrne (9.2) 

;. Applied force F = mass of the body (m) x acceleration (a) 


d > > 
In vector notation : F = ma. «tct e (9.3 


,. eDefinition of unit force : It is a force which acting on a body of unit mass produces unit acceleration. 
e Evidently, unit force has different values in different system of units. 
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Alternative method : We can also deduce the equation (9.2) by applying the method of calculus. 
We know that momentum P of a body of mass m moving with a velocity v is P = mv 
Differentiating the equation with respect to time, we get 

dP dv 


— =m— [ -~ m is constant 
dt dt ] 


: dv 
eek d =ma |a= acceleration = — 
dt dt 
i f; ae tional to the 
But according to Newton's second law the rate of change of momentum s is proportional to the 
It 


dP dP 
i Fa —- or, F=K—= Kma 
impressed force 5 x 
Defining unit of force as before we put K = |. ~. F = ma 
9.7. Units of Force : 


Units of force are of two types : (a) absolute unit and (b) gravitational unit. 
P Unit of force 


Uu 
[reu GU eg UT 5 eer a 
absolute unit gravitational unit 
i : i 
C.G.S. System SI System C.G.S. System SI System 
Dyne Newton (N) g-wt Kg-wt 


(a) Absolute units : Absolute unit of force is the force which acting on a body of unit mass 
produces unit acceleration. It is called absolute because the magnitude of the unit force is same everywhere 
on the earth. 


(i) In C.G.S. System the absolute unit of force is dyne. 1 dyne is a force which acting on a body 
of mass 1 g produces an acceleration of 1 cms". 


(ii) In SI System the absolute unit of force is Newton(N). 1 N is a force which acting on a body 
of mass 1 kg produces an accaleration of | ms. 


© Relation : IN = 10° dyne. 


(b) Gravitational unit : This Unit of force is based on the force of gravity on a body. Gravitational 
unit of force is the force by which earth attracts a body of mass | g towards its centre. It is to be noted 
that the value of gravitational unit is different at different places of the earth. 


(i) C:G.S.- unit : In c.g.s. system the gravitational unit of force is g-wt. The force with which a body 
of mass an 1 gm is attracted by the earth towards its centre is a | m force. 


1 g-wt = g dynes = 980 dyne. 


(ii) SI system of unit : In this system the gravitation unit of force is 1 kg-wt. The force with which 
a body of mass | kg is attracted by the earth towards its centre is called 1 kg-wt force. 


lkg- wt 2 98N 
* NUMERICAL EXAMPLES è 


Example 9.1. : A car of 600 kg is moving with a uniform velocity of 20 ms-!. By applying an 


D 


opposing force it is stopp 
which the car stops. 


Solution : (i) In this case m — 600 
+ 0= (20) +2-a-50 or.a- -4 ms? 


t 
Now, v? =u +2as 
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ed at a distance of 50 m. Calculate (i) Applied force (ii) the time after 


- 


kg, u = 20 ms, s = 50 m, v = 0 and a=? 


+. Retardation of the car = 4 ms : 


+. Force on the car, F = 


(ii) If after ¢ sec. the 
~ 0=20-4xt 
Ex. 9.2. : A body of 
8 sec. During the next 4 
Solution : Let F be th 
8 sec, v =u+at 


ma = 600 x 4 = 2400 N 
car stops then y=u+at 


- ¢=5 sec -. The car stop after 5 sec. 


n the body which continucs for 


mass 100 kg is at rest. Now a force acts 0 
e body. 


sec. the body travels 80 m. Calculate the force applied on th 
e applied force and *q' be the acceleration produced. Velocity of the body alter 


v20-8a-8a [~ u= 0] 


Obviously, the body 
“save 
<. Applied force, F 


travels with uniform velocity v for next 4 sec. 


or, 80=8ax4 or, 2:5 ms^ 


- ma - 100 x 25 [ m - 100 kg] 


z. F=250N 
ing force of 30 N, the velocity of a body reduces to 


Ex. 9.3. : Due to the application of opposi 
a distance of 9 m. If the mass of the body be 50 Kg 


half of the initial value 


what was the initial velocity. Also c 


when the body travels 


alculate the time during which the force was acting. 


r F -30 2 
Solution : Retardation due to the force, 4 — De - Pas = —6 ms 


If initial velocity be t, 


«2 
The force was acti 
veut+at ^ 
~z. Initial velocity 


Ex. 9.4. : A hammer of m 


0-1 sec. What force acts on the pi 
Initial velocity of the hammer isu- 


2gh=0+2x98x10 [5h 10m] 


y 2196 or, v=14 ms"! 


Solution : 


2 2 
v =u + 


-. Momentum of 


By Newton's second law, the force actin 


2 
uo (5) =u? -2x6x9 or, u-12ms^ 


u 
velocity after the displacement of 9m jv ae 


ng until the body stops. If the body stops after £ sec. then, 


0212-6t or, t=2 sec 


s? and force was acting for 2 sec. 
ass 25 kg falls on a pile from a height of 1 
le. g = 98 ms? 


is 12 m 
0 m and comes to rest in 


0. Its velocity when it hits the pile is given by 


he pile is P= mv =25x 14 = 350 kg- ms! 


the hammer just before hitting t 
rate of change of its momentum 


g on the hammer is F = 


p--3$ 


ip lbs 
It is the opposing fo! 


== =3500N 


rce on the hammer acting in the upward direction. By Newton's third law, the 


downward force on the pile is also 
F' =3500 N 2357-14 kg- wt 
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wt. of the hammer also acts on the pile. So the total downward force on the pile is 
F, = F' +w 2357.14425- 382.14 kg-wt 
Ex. 9.5. : A bullet moving with a s, 
Assuming the thickenss of the plank to 
penetrate a plank of 10 cm thickness ? 


ae 
velocity v = 


peed of 200 m/s can just penetrate a plank 4 em. thick. 
be uniform, what should be the speed required to just 


[H.S. 2000] 
Initial velocity of the bullet u = 200 ms-! and after penetrating a plank 4 cm thick its 


0= (200)? -2ax0-04 [a = retardation] 
or, a=5x 10° ms? 


Let the required velocity just to penetrate a plank of 10 cm thickness be u, ms. 
The uf =2as =2x5x10°x1-0 [s=0-1 m] 

<. u =316-22 ms! 
-. The required speed = 31622 ms"! 


Ex. 9.6. : A cricket ball of mass 150 g is running with a velocity of 12 ms". It is deflected in 
opposite direction with a velocity of 20 ms“! by hitting it with a bat. If the time of contact of the 
ball with the bat be 0:01 sec., calculate the force exerted by the bat on the ball. [LL T. 1974] 


Solution : Initial momentum of the cricket ball, P, = mu 


The ball is deflected in the opposite direction, so its final momentum P, = -mv 
^ Change of momentum AP = P, =P, = mu + mv =m (u + v) 
AP + 
So, the average force on the ball, F= vau» 
t t 
m-0-I5kg 
p 021502 +20) 


0-01 u- I2ms^' 


v=20ms! 
" F= 480 N t=0-0ls 
^. Force applied by the bat on the ball = 480 N. 
Ex. 9.7. : A 50g bullet travelling with an initial velocity of 400 ms"! 
an average force of 4x10* N. It goes out of the wall with a velocity 50 
of the wall ? Another bullet of lower mass, but travelling with the same velocity and exerting the 
same force cannot go out of the wall. What is its maximum mass ? |J.E.E. 1991] 


Solution : Initial velocity of the bullet v = 400 ms-! 


penetrates into a wall with 
ms™!, What is the thickness 


4 
Retardation of the bullet within the wall, a=— freddo =8x10° ms? 
m 0-05 


velocity of the bullet after passing through the wall, v = 50 ms"! 


2 2 
If x be the thickness of the wall, x= —” 
2a 
400)” — (50 
SUED m — 9.84 em 
2x8x10? 


^. The thickness of the wall = 9.84 cm 
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2nd Part : 


Let maximum mass of the body in the second case = m, 
Its final velocity, v — 0. 


>. Retardation of the second bullet, a oe 


4 
<. Mass of the second bullet, 7 dud s 
a(x) 
4x10* x2 x 0-0984 - 
<. m Nd kg - 49-2g 
(400)* 
+, Maximum mass of the second bullet = 492 g. S e 


Ex. 9.8. : A rocket of mass 2:0x104 kg is blasted vertically upwards with an initial acceleration 
of 50 ms~. Calculate the thrust on the rocket at lift-off. 

Solution : Initial acceleration a; = 5.0 ms? and mass of the rocket -2x10* kg. 

Since the rocket moves upwards against gravity, the blast must produce a total acceleration a (for 
lift-off) given by a=a,+g=5-0+9-8=14-8 ms? 

+. Initial thrust at lift off is F = ma = 2-0 104 x 14-8 =2-96x 10°N 

9.8. Newton’s first law from the second law : 

Newton's first law of motion is a special case of the second law. If a force F acting on a body of 
mass m produces an acceleration of ‘a’, then by the second law, F = ma. 

It no force acts on the body then F = 0 


y-u 
ma = 0 or, a= 0 [-m«0] AUT OW 


In other words, the velocity of the body remains constant if no force acts on it. So, if the initial 
velocity is zero, it remain zero and the body stays at rest. On the other hand, if the velocity is finite, say 
5 ms", it will remain 5 ms". 

Thus, if no net force acts on a body, its state of rest or of uniform motion along a straight line 
remains unchanged. But it is the first law of motion. Hence first law is a special case of second law 
because it can be directly deduced from the second law by putting F — 0. 


9.9. Mass is the measure of inertia — Explanation from Newton's second law: 

From the discussions of the first law, we have learned that inertia is an inherent property of material 
object to resist any change in its state of rest or of uniform motion along a straight line. 

The force needed to produce change the state of motion of a body depends on inertia of the body. 
Higher the inertia greater is the force required to change the state of the body. 

Let a body of 'mass m and m, are acted upon by a constant force each of magnitude F. As a result 
acceleration of the first body is a, and that of the second body is a,. Then from the second law, F = mu, 
and F = m,a, 


nt 
<. may = m47 or, —=— ona S 


When the applied force is constant, produced acceleration is inversely proportional to the mass. 
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So, if mass is greater less acceleration is.produced by the same force. Heavier the body, it is more 
difficult to produce its change of velocity. 

Again, we know that if the inertia is greater, it is also more difficult to produce any change of its 
velocity. Hence inertia of a body depends on its mass. Higher is the mass, greater is the inertia. So, we 
can say that mass is the measure of inertia or we can measure inertia by its mass. 

9.10. Impulse of a force : ; 

The effect of a force on a body acting for a definite time can be measured by the impulse 
of the force. Actually we want to find the time integrated effect of the force applied to a particle. 
First we consider the case when the force remains constant and then the case when the force is 
variable. 

(A) Impulse of a constant force ; The impulse of a constant force acting on a body is defined 
as the product of the magnitude of the force and the time during which it acts on the body. 

~<. Impulse of the force, J = force (F) x time of action @ . J=Fr 

If m be the mass of the body and a be the acceleration, F = ma. 


where P, is the initial momentum and P, is the final momentum. 
So, impulse of a force is equal'to change of momentum of the body. 
Alternative proof : We can also deduce the relation 9.4 by the method of calculus. From the second 


law, F=ma= nr or, F dt 2 m.dv 


U v 1 
On integration, | F d¢=ml| dv - F[ar- m(v-u) 2. Ft=m(v-u) =P, -P 
H 2351 
0 u 


From equation (9.4) we see that force must be applied to a body to produce a change in momentum 
of the body. 


* Description of impulse by graph |F-r graph] : 


We plot the time (7) along horizontal or X-axis and applied force is 
plotted along vertical or Y-axis. If the force remains constant the plot of 
force against time will obviously be a straight line parallel to the time axis 

FIA B [Fig. 9.2]. 
If the force acts for a time t, the impulse is given the area of the rectangle 
OABC formed by the line and the co-ordinates at ¢ = Oand:t- i. 
(B) Impulse of a varying force : In most of the practical cases the 
c force is variable. For example — when a cricket ball is Struck by a bat or 
o a football is kicked by the leg, the applied force is variable over the time 
ca j interval the ball was in contact with bat or leg. Usually the force first 
Fig. 9.2 increases and then decreases. 
f If the variable force acts for a time t, then in order to find the impulse of the force, we divide the 
time interval into a large number of very short intervals of time At,, At, ..... At, During each such 
interval the force is assumed to remain constant so that impulse can be calculated in each small interval. 
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Adding we get total impulse over the finite time interval t. If F, Ej, F; -... Fy represent the values of 
the forces for the said intervals the total impulse is 


n 
J= F At, + Ej Ah tnes +F, -At, = Y E,-At, 


n=! 


1 
If the time interval be infinitely small we write J = fF dt 
0 


A dP r : 
Now, for the variable force, F ES [P = instantaneous momentum of the particle] 


f P, 
i E RE mt 


P, 
(F—1) graph for the variable force is shown in fig. 9.3. In this case the graph may be of any shape 
depending on the nature of variation of the force. F 


The area under the graph and the time axis gives the impulse of the 
force in the time interval £. We divide the time interval into a large number 
of small intervals Ar during each of which the force is assumed to remain 


constant. 
Impulse in time interval At, impulse of the force is AJ = F'At = area of 

the shaded strip. i 
<. Total impulse, J = summation of the area of the small strips. ah Fig. 9.3 


= area under the graph and the time axis between the time += 0 to/= f. 
e Impulse of a force is vector quantity. Its direction is same as the force. 
e Unit : (i) c.g.s. unit is gcm s (ii) SI unit Kg. ms! 
e Dimension : [MLT-!] 
9.11. Impulsive force : 


Sometimes we encounter a type of forces which are of large magnitude but acts for a very small 
duration. Such forces are called impulsive forces. Collisions, explosions, sudden blows etc. are impulsive 
forces. 


As the force acts for a small time, it may be assumed that there is no appreciable displacement of 
the body during the time of action of the force. However as the force is very large a sudden change of 
velocity takes places. Hence under the action of the impulsive force a change of momentum lakes place. 
The effect of the impulsive force is measured by the change in momentum of the body. Hence — A force 
of large magnitude acting for a very small time interval is called an impulsive force. During the 
action of the force no appreciable displacement of the body takes place. But due to the action of 
the force measurable change of momentum of the body takes place and impulse of the force is the 
measure of the whole effect of such is force. 


Examples of impulsive force : (i) When a cricketer strikes a running cricket ball then the duration 
of hitting is very small. So the force exerted by the bat on the ball is an impulsive force. 

(ii) When a nail is driven by a hammer, the force on the nail is very large and of small duration. 
So it is an impulsive force. 

e Difference between impulse and impulsive force : (i) The product of the force aud the time 
during which the force acts is impulse. But impulsive force is a large force acting for a small time. 
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(ii) Impulsive force produces an impulse. If this force is large, its impulse is also large. So, impulsive 
force is the cause, impulse is the effect. 


(iii) Impulsive force is a type of force. So its unit is same as the unit of force. On the other hand 
unit of impulse is that of momentum. 


(iv) Due to impulse change of momentum takes place. But due to impulsive force large acceleration 
is produced for a small time. 


Ex. 9.9. : Two billiard balls each of mass 0:05 kg while moving along the same straight line 
from opposite direction each with velocity 6 ms"! collide and then move in opposite direction with 
the same velocity. What is the impulse on one ball due to the other ? 


Solution : Initial momentum of one ball, P, = mu m = 0:05 kg 
and final momentum of the ball, P, = mv u=6 ue 
7. Change of momentum, P,-P, = mu-mv v = -6ms 


<. Impulse, J = m (u — v) = 0.05 [6 — (-6)] = 06 kg. ms"! 


Ex. 9.10. A ball of mass 0:15 kg is running with a velocity of 15 ms. It is deflected by 60" 
by a bat with the same velocity. Calculate impulse exerted on the ball. 


Solution : The situation is shown in fig. 9.3(a). Initially the ball is moving with the velocity of 
u = 15 m^ along AO. At the point O, it is deflected by the bat along OB with the same velocity. 
The rectangular components of initial velocity u are 


u, = u-cos 0 along AD and v, = u-sin 0 along AC 

Similarly the rectangular components of the final velocity v are 
v, =u cos 0 along OC and v, =u-sin 0 along OE 

So, the change of velocity along the bat — u:sin -u sin 0 = 0 


-. Change of momentum along the bat = 0. 


and change of momentum perpendicular to the bat > 
= mu cos 0 - (-mu cos 0) = 2mu cos 0 e 
7. Impulse, J = 2mu cos0 m= 015 kg 
= 2.x 0:15 x 15 x cos 30° u=15 ms"! 
= 3:897 kg ms"! 8 = 60°/2 = 30° 
its direction along ON. 
Ex. 9.11. : A conveyor belt is moving horizontally with a velocity of 10 cms-'. Sand is falling 
vertically on the belt at the rate of 300 g/sec. How much force is exerted on the belt ? 
Solution : Initial horizontal velocity of sand, u — 0. 
Final horizontal velocity after falling on the belt, v = 10 cms-!. 
Rate of change of mass of sand = 300 gs"! 
7. Change of momentum per second 
= rate of change of mass x velocity = 300 x 10 = 3000 
<. Force exerted on the belt = 3000 dyne. 


z dı 
Alternative method : Force exerted on the belt is F = "x 710x300 = 3000 dyne 
It 
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: Ex. 9.12. : Two blocks each of mass m are initially at a separation of x. One block is given an 
impulse I towards the second block and a force F is applied on the second block in the same 
direction. Show that the two blocks will never meet if the relation I? < 2 Fmx holds. 


Solution : Due to the impulse I acting on it, the momentum of the first body will change. 
As initial velocity is zero, we write Impulse, | = change of momentum = mv ~- Y =- 
m 
It 


So, the distance travelled by the first block in time t is Sj = vt =— 
m 


Now, the force acting on the second block is F. So its constant acceleration is a me 
m 
In ¢ sec. it will travel a distance, S, -Qat - is 
m 
The block will meet when S, — S, = x 
u ire S 
x2—-——— ; Ft me 
m 2m 
à NECS 
OT 2F 


The block will never meet when 4 I? — 8 Fmx < 0 
<. P < 2 Fmx (Proved) 
9.12. Intertial and Non-intertial Reference frame : 


Reference frame : In order to describe the motion of a body we require to know the change of 
position of the body with time with respect to surrounding or with respect to some other body. ‘The ^ 
second body with respect to which the motion of a body in described is called reference frame. Usually 
to study the motion of a body on or near the earth we take the earth as a reference frame. Here we take 
the earth as a stationary body. Any system of co-ordinates attached with earth belongs to the same 
reference frame, We can assume any number of system of co-ordinates attached to single reference 
frame. Again any number of systems of co-ordinates will be assumed to belong to the same reference 
frame if they are stationary with respect to another. 


e Inertial frame : The reference frame which is either stationary or moving with a uniform velocity 
is an inertial frame..In such a frame acceleration of a particle depends on mutual forces between the 
particles belonging to the frame. In this frame Newton’s laws of motion are valid. 


e Non-inertial frame : The reference frame which is either rotating or moving with an acceleration 
is called a non-inertial frame. So, it is an accelerated frame with respect to an inertial frame. The 
acceleration of such a frame may be linear or rotational or combination of the two types of acceleration. 
The acceleration of a particle in the frame is partly due to the action of other particles and partly due 
to the acceleration of the frame itself. 

‘Fictitious’ or ‘Pseudo force’ is generated in the non-inertial frame due to its acceleration. This force 
is generated not due to the interaction between particles. It is the acceleration of the frame which causes 
this force. So it is called Pseudo force. It has no real existence. 

When a car suddenly starts moving or a moving car suddenly stops, in both the cases the passengers 
inthe car experiences a force in the form of a push. This force is a fictitious force and the car is an - 
accelerated or non-inertial frame. 


Newton’s law of motion are not exactly valid in such a frame. To apply Newton’s law of motion 
in non-inertial frame, existence of pseudo force has to be taken into consideration. 


Phy (D—10 
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Example : (i) Suppose a piece of stone is kept on the floor. If no external force is applied on ihe 
stone it will be there as such. It will never move. Again, a body is at rest on the floor of a train moving 
with uniform velocity. If no external force is applied to the body, motion is not produced in the body. 
Hence Newton's first law of motion is valid in the reference frame which is either stationary or moving 


with constant velocity. Such frames are called inertial frames. In fact all the three laws. of motion are 
valid in inertial frame. 


(ii) Now let a body is at rest on the floor of a car. If the car suddenly starts with an acceleration. 
‘immediately the body moves backward with the same acceleration. So, although no external force is 
applied, the body starts moving. 


Evidently, in the car moving with an acceleration Newton’s first law is not applicable. The accelerated 
car is a non-inertial frame where Newton's laws of motion are not applicable. 


Since the force acting on the body is not due to interaction between particles, it is not a real force. 
Hence this force is called a pseudo force. 


9.13. Discussion of the third law of motion : 


According to Newton's third law every action has equal and opposite reaction. As soon as a force 
is applied to a body immediately an equal and oppositely directed force is generated. As ‘action’ and 
‘reaction’ in the statement of the law simply stand for force, we may conclude that in nature forces 
always occur in pair. Single isolated force does not exist. 


Due to mutual interaction two forces are produced — one is an ‘action’ and the other is the 


‘reaction’. Thus if F, be the force exerted by a body A on another body B, the body B exerts a force 
Fg, on A. By Newton’s third law 


LRA Tay MEAN CD bata OT etl a (9.5) 


It should be understood that action and reaction actually act simultaneously. The two forces arise 
at the same time. Consequently, when one vanishes the other also vanishes at the same time. 


Whether the two bodies are at rest or in motion or the bodies exert forces on each other by physical 
contact or act on each other from a distance, the law is always true. 


» Although whenever a force acts on a body, there is always an equal and opposite reaction, they do 
not produce equilibrium by neutralising each other. It is due to the fact that the two forces (action and 
reaction) always act on different bodies, not on the same body. So it will not be correct to compute the 
resultant of a pair of action-reaction forces and put it as zero. Two equal and opposite forces neutralise 
each other only when they. act on the same body. 


In order to understand the significance of the third law and to have clear concept on ‘action and 
reaction’ we consider the following simple example : 


block A rope is attached to a block placed on a table. A man 


pulls the block by applying a force F, on the rope [Fig. 9.4]. 
Immediately the rope will exert a force (reaction) Ff on the 
man. 
Fig. 9.4 Hence F/=-F, 
As the rope is pulled, it will exert a force F, (action) on block and the block applied a force I3 
(reaction) on the rope. Here also F; - -F;. Evidently the forces F, and F} acts on the rope — F, due 
. to the man and Fj due to the block. These forces are oppositely di 


due to th rected. So, we write net force on the 
rope, F=F, —Fj (in direction of F,). If m be the mass and ‘a’ the acceleration of the rope then 
F-R-Fj-ma 
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: As the mass m and acceleration a are not zero, F; # F; 


So, the forces acting at the two ends of the rope are not equal. This inequality does not oppose 
Newton's third law, because F, and F, are not action — reaction pair of forces. They are acting on the 
same body (rope), whereas action reaction acts on different bodies. It must be understood that F, is 
always numerically equal to Ff and F, always numerically equal to F; , because they are action 


reaction pairs of forces. 


.* Experimental proof : 


Two spring balances are taken. The hook 
of one spring balance is connected to that of 


another. By holding the springs by hands, 
they are drawn in, opposite directions [Fig. 
9.4 (a) (i)]. The reading of the two spring 
balances will be found to be always same. 
Now one spring is rigidly fixed to a wall 
and the other is pulled by a force [Fig. 9.4 
(a) (ii)]. It is found again that both the spring 


balances gave the same reading. From this 
experiment it is conclusively proved that 
action and reaction are equal and opposite. 


* Different examples of third law : 


` Fig. 9.4(a) 


In our everyday life we come across different examples of the third law of motion. Some examples 


are discussed below. 


(i) While swimming a person pushes the water backwards and as a result be himself is pushed 
forward by the reaction force exerted by the water on him. 


H 


Fig. 9.5 


(ii) When a bullet is fired from a gun, the gun recoils backward. Here 
the forward action accelerates the bullet and leaves the barrel of the gun with 
a high speed. An equal amount of backward reaction force is exerted on the 
gun and hence the gun recoils. 


(iii) We walk in accordance with the third law of motion. We would not 
be able to walk if there were no reaction force. In order to walk we push the 
earth backward with the foot. This is the action force. The earth in turn exerts 
an equal and opposite force. It is the reaction force that acts on us. This force 
is inclined to the earth's surface. The vertical component of this force balances 
our weight and the horizontal component accelerates us in the forward 
direction. So we can walk. 


(iv) The motion of rocket depends on action and reaction. A rocket 


expels gases with the high speed by exerting a force on them. The gases in 
turn exerts an equal and opposite force on the rocket. A space vehicle can 
accelerate or change the direction of motion just by firing rockets in the 
proper direction. 

(v) When a passenger jumps from a boat, he reaches the bank and at the 
same time the boat is pushed backward due to the force exerted by the 
passenger on the boat. It moves backward. At the same time the boat exerts 
a reaction force on the man which helps him to jump to the bank. Here the 
action is on the boat and the reaction is on the passenger. 


Fig. 9.6 
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(vi) Let a block of weight W is resting on a plane [Fig. 9.6]. The block exerts a force on the plane 

in the downward direction due to its weight W. The plane will exert an equal an and opposite force R 

on the block. Evidently W is the force of action on the plane and R is the force of reaction on the block. 

So, W = -R. 

(vii) Horse pulling a carriage : Motion of horse and the carriage is an interesting example of action 

— reaction pair of forces. Let a horse is pulling a carriage [Fig. 9.7]. When the horse pulls the carriage 

with a force F, the carriage immediately exerts same amount 

R of force on the horse. There should be no motion. How is 

VE it that the horse with carriage goes forward ? This paradox 

is explained easily, when we consider horse — carriage as 

FY one system. When the horse kicks the earth backward 

obliquely, the earth pushes it forward: This forward push 

Fig. 9.7 is the reaction R. Now R can be resolved into two 

components. The vertical component V balances the weight 

of the horse. The horizontal component H accelerates horse — carriage system. When the horizontal 

component H is greater than backward reaction force F exerted by the carriage on the horse, the horse 
will move forward due to the resultant force H — F. 


Now, we consider the motion of the carriage which is acted upon by two forces : 


(1) The force F exerted by the horse which helps to move the carriage in the forward direction. 


(2) Frictional force F, between the wheels and the road. When F is greater than Fy, the carriage will 
move forward by the effective force F — Fy. 


If the mass of the carriage be M and its acceleration ‘a’ then from Newton's second law 


RS Par Ma e dee Ee 0) 
The acceleration of the horse will also be a. If m be the mass of the horse then 
TEE Sama Xu uel hae aa ae oe (ii) 
tes i: H-Fy 
Adding (i) and (ii), H—Fy =a(M+m) or, a= 
m+M 


At the start of the motion H > F > Fy. When the carriage moves with uniform speed H = F = Fy. 
The motion of rickshaw by a rickshaw puller can be explained in the same way. 


Example 9.13. : Two blocks of mass 10 kg and 5 kg are placed side by side on a frictionless 


table. A horizontal force of 15N is applied to the smaller block. How much force will be acting on 
the larger block. 


Solution : The situation is shown in fig. 6.8. Let the acceleration of the system be ‘a’ then 


Dt EE Se E 
m +m, 10+5 
<. The force on the larger block, F, = m,a s 


JF, = 10x1 = 10. N. 


9.14. Reaction in a Lift : Fig. 9.8 


I All of us has the peculiar feeling while moving in a lift at the time of ascent or descent. When a 
lift initially at rest, suddenly starts rising we feel heavier — our weight has apparently increased. On the 


other hand, when the lift goes downward with an acceleration we feel the sensation of lightness. We shall 
explain the above phenomenon quantitatively. : 


When a body is placed on another body, the first body due to its own weight exerts a force.on the 
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second body. In return the second body exerts a reaction force on the first body. The first body feels the 
reaction force as its weight. If somehow the reaction becomes greater the body will be heavier and when 
the reaction is smaller the body feels lighter. 


Effective value of reaction increases or decreases when the lift moves with an acceleration or 
retardation, In the following we shall calculate the reaction in the lift and resultant weight of body in 
the lift. 

(i) When the lift is rising vertically upwards with an acceleration ‘a’. 

Let a body of mass m is placed on the floor of a lift [Fig. 9.9(i)]. The forces acting on the body 
are : 

(1) Wt. of the body W = mg (downwards) 

(2) Upward reaction R’ 

If the upward acceleration be a then, 

R'- mg = ma 
~». R'=m(g+a) 

Since reaction is the effective weight of the body. 
So effective weight, W' = m(g+a). According to 


Newton’s third law, the body also exerts downward mg 
force m(g*a) on the floor of the lift. Increase in (i) (ii) 
weight in this case is ma. For this reason the body Fig, 9.9 


appears heavier. 
(ii) When the lift is going vertically down with an acceleration a (a < g) 


The reaction force on the body in this case is R” [Fig. 9.9(ii)]. 
Now, the downward acceleration of the lift is 
mg-R"-ma or, R" =m(g-a) ; 

So, the reaction of the body is less than its weight W = mg. 

The effective weight is w' = m(g-a). So the body is now lighter by the amount ma. 

(iii) When the lift is stationary or moving with uniform velocity upwards or downwards (d = 0) 

When the lift is stationary or moving with uniform velocity, its acceleration a = 0. Now, the reaction 
force on the body is R = mg [Fig. 9.9(iii)]. The force exerted by the body on the floor is equal to its 
weight W = mg. If the lift has no acceleration whether it goes up or down in both the cases, the apparent 
weight of the body does change. 

(iv) When the lift falls freely (a = g) 

If the lift falls freely (when the lift rope snaps), it will descend with an acceleration a = g. So the 
* reaction R = 0. In this case floor of the lift does not exert any upward force. The body also exert no force 
on the floor. Now the body remains in weightless condition. 

(v) When lift descends with an acceleration a > g 

In this as soon as the lift starts descending with acceleration a > g, the body loses contact with the 
floor. The reason is : the lift’s downward acceleration is a > g but the acceleration of the body is equal 
to g. So with respect to the lift it will go up and will reach the ceiling of the lift. The ceiling exerts a 
downward reaction force R}. 

So, R) + mg.= ma 2. Ry = m(a — g) 

The body remains in contact with the ceiling and decends with the lift. According to Newton's third 
law, the body will exert a force F — m(a — g) on the ceiling in the upward direction. 
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Now, the weight of the body W = m(a — g) will be acting in the upward direction. This particular 
phenomenon is called superweightlessness. 

Example 9.13. A person of mass 50 kg is standing on a weighing machine kept in a lift. When 
the lift starts moving with an acceleration, the weighing machine reads 45 kg. (i) Is the lift going 
up or down ? (ii) What is the acceleration of the lift ? g = 9:8 ms~. |J.E.E. 1989] 


Solution : (i) Here the weighing machine reads less than actual weight of the person. Evidently the 
lift is descending with an acceleration. 


(ii) The required relation is R = m(g — a) 


45 x 98 = 50 (9:8-a) R-45x98N 
45 50a-5x98 g-98 ms? 
a= 098 ms? m oake 


Ex. 9.14. : A lift of 2000 kg is moving vertically upwards with an acceleration of 2 ins?, What 


is the tension in the rope ? What will be the tension when the lift comes down with the same 
acceleration ? g = 98 ms? 


Solution : 1st Part : The required equation : 
t ma-T-mg or T=m(g+a) 
-. Tension in the rope, T = 2000 (9:8 + 2) = 23600 N 
2000 kg 2nd Part : When the lift is descending with the same acceleration : 
Fig. 9.10 T = m(g — a) = 2000 (9:8 — 2) = 2000 x 78 = 15600 N 
Ex. 9.15. : Two blocks masses 1 kg and 4 kg are connected by a uniform rope |Fig. 9:10(a)]. 


Calculate the following quantities : (i) acceleration of the system (ii) tension at the upper end of the 
rope and (iii) tension at the mid point of the rope. z |J.E.E. 1999] 


Solution : (i) If the acceleration of the system be ‘a’, then its equation of motion is 
16a = 200 — l6g = 200 — 16 x 98 = 4132 N à 200 N 


I 7 Kg 
(ii) The upper end of the rope carries the weight of the rope and the 
weight of the lower block. So the tension at the upper end of the rope is 
T = (4 + 5) (g + a) = 9 x (98 *27) 
; “ T=N25N 
(iii) Similarly, the tension at the midpoint of the rope 5 Kg Eze 
T, = (5 + 2) (g + a) =-7 x (98 + 27) = 875 N Fig. 9.10(a) 
9.15. Determination of equations of motion and acceleration of a body in 
a number of cases : 
© (A) In the case of a body on a smooth horizontal surfare t 
Rug (i) When the body is pulled horizontally : 
A block of mass m is placed on a horizontal surface and the 
F horizontal applied tensile force is F [Fig. 9.11]. The different forces acting 
i on the block is shown in fig. 


The block has no motion in the vertical direction 
So, R = mg 
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For the horizontal motion. of the block, F = ma [a = horizontal acceleration] 
F 
a= 
m 
(ii) When the body is pulled at an angle to the horizontal : 


The body of mass m is placed on a smooth horizontal table and is pulled by a force F [Fig. 9.12]. 
The horizontal and vertical component of the force F are RAE 
y 


p = F cos 0 and F, =F sin 0 

. Vertical reaction R= mg = F + sin:0) eos (i) 

Now, the reaction force is less than the actual weight of the 
block W = mg. 


Rema yerba OO eS pee (ii) 
m m mg 
(iii) When the body is pushed at an angle @ to the horizontal : Fig. 9.12 


The block of mass m is pushed by a force F acting at an angle 0 to the horizontal [Fig. 9.13]. The 
horizontal and vertical components of the applied force is 


F, = F cos 0 and F, = F sin 0 


*. Normal reaction in this case, R =F sin 0 + mg ..... (i) 
So, now the normal reaction is greater than the weight of the 
body W = mg. 
If the horizontal acceleration be a then 
Fcos 0 A 
ma =F = F cos 0 vu cT an a Bit BÓ (ii) 
m mg 
* (B) Motion of two bodies in contact : Contact force. Fig. 9.13 


In the fig. 9.14, two blocks of mass m, and m, are in contact with 
each other. A horizontal force F, is applied to the block of mass m. 


>a m, applies a force T on m, and immediately m;-applied an equal 
F |m reaction force on m. 
So the contact force is T. Let the acceleration of the system is a. 
Then the equation of motion of m, is m,a = F — T and 

Fig. 9.14 equation ak motion of m, is m,a = T. j 

a= E and T= EUM t 

VS m+m m, +m, mn T aad 

muerte nll 


* (C) Motion of connected system : 

Case I : Here the two blocks of masses m, and m, are 
connected by a light inextensible string and are placed on a smooth 
surface [Fig. 9.15]. A horizontal force F is applied to the block m,. 
m. applied a force T on the block m, through the string and reaction 
force exerted by m, on m, is also T. The forces are shown in fig. 
9.15(ii). the accelefation of the system is a. 

The equation of motion of m, is ma = il [T = tension in the 


string] 
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and equation of motion of m, is ma = F — T. 


F and T= Fm 
m +m m +m 
Case II : A light string passes over a light frictionless pulley which is 
rigidly fixed [Fig. 9.16]. Two blocks of masses m, and m, are attached at the 
two ends on the string. We assume that m, is moving up and m, is moving 
down. Their common acceleration is ‘a’. Tension in the string is T. 


So, the equation of motion of m, is ma = T - mg 8 jm 
and the equation of motion of m, is ma = mg — T 
aa mi^, i 
m «m 

and the tension on the string, T = myg — ma 
-m 2mm mg 

STamg-m AV 

mem  m*m 


The force on the pulley, F = 2T = SME 
m +m, 


as 


mg 


Fig. 9.16 
Case Il: A block of mass m, is placed on a horizontal smooth table. A light string attached with 
it passes over the light smooth pulley fixed at one end of the table. The other end of the string is 
connected to the block m, [Fig. 9.17] we require to calculate acceleration of the system and tension in 
the string. 
A The block m, mass over the horizental table. 
So, its motion is not affected by its own weight. 
^. The equation of motion of m, ; ma = T 
gi and the equation of motion of m, : m;a = mg -T 
- ms hana SIME AE 
mtm m +m, 
Case IV : A light and inextensible string passes over a smooth 


Fig. 9.17 MM fixed at the end of an inclined plane having angle of inclina- 
tion 6. 


One end of the string is connected to the block of mass m, resting on the inclined plane and the 
block of mass m, is suspended from the other end of the string [Fig. 9.18). 


The block m, is moving up along the plane with an acceleration 
*a' and the block m, is descending vertically with the same acceleration 
E 


Equation of motion of m, : ma = T - mg sin 0 
+ and equation of motion of.m, : ma = mg - T 


PA uL LaL PEE HR. "x 
AU mg Mi 
¢ 


T 


mtm 


Fig. 9.18 
Case V : Two inclined planes having angles of inclination a and f are placed back to back on a 


o 5 5;(DAEEEENERENENENEEUPONE Mmmm no om m 
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smooth table [Fig. 9.19]. At the highest point of the planes a smooth pulley is fixed and a string passes 
over the pulley, Two blocks m, and m, are connected at the two ends of the string. They are placed on 
the two planes as in fig. Assume that m, is moving upward with an acceleration ‘a’ and m, is moving 
down with the same acceleration ‘a’. 


Equations of motion the two blocks m, and m, are 
ma * T- mg sin a and ma * mg sin B — T 
Here T = tension. 
Solving these two equations — 
de g(m; sin B-m sin a) 
m +m 


and T» Sek (sin a + sinp) g Fig. 9.19 
m +m 


Ex. 9.16. : A smooth and light pulley is attached at one corner of smooth horizontal table, A 
block (A) of mass 10 kg is placed on the table and a string fixed with the block passes over the 
pulley. Another block (B) of mass 4 kg is suspended from the other end of the string. Calculate 
(i) acceleration of the system and (ii) tension in the string. g = 98 ms? 

Solution : Consider the fig. 9.17. Acceleration of the system is *a' and tension in the string is T 
Mass of the block A is m, = 10 kg and that of the block (B) is m, = 4 kg. 

i i MEMO Mp Le 

(i) Acceleration of the system, mem 10+4 


(ii) Tension in the string, T= ma= 10x28 = 28N 

9.16. The law of conservation of linear momentum : 

In physics we come across a variety of conservation laws. The law of conservation of linear 
momentum is the most fundamental conservation law. The law states that : 

If no external force acts on a system of bodies, the total linear momentum of the system in à given 
direction is not altered by the action and reaction between two bodies constituting the system. 

e Discussion of the law : From the law we come to know that there will be no change of linear 
momentum of different bodies included in the system due to the mutual action-reaction forces acting 
between them, 

Only external force can produce change in momentum of the system of bodies. So total momentum 
of the system of bodies will remain conserved both in magnitude and direction before and aller the 
mutual action — reaction between the bodies. 

As an example we consider the head-on collision between two spheres of masses m, and m, moving 
along the same straight line [Fig. 9.20], Before collision, velocity of m, is mand that of m, is wy. So, 
total linear of the two spheres before collision = mu + myy. 


DO» ORON 


Fig. 9.20 
After collision velocities of the two spheres are v, and v}. So the final momentum = mv, * "yw, 
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Now, from the principle of conservation of linear momentum, 
Total momentum before collision = total momentum after collision. 
miu, k mu, = mV, + mv. 
* Deduction from Newton's laws : This law of conservation can be deduced from Neuton's laws 
of motion : 
For a system consisting of single body, from Newton's second law of 


(i) One body system : 
motion : F = ma [m = mass and a = acceleration] 


y-u mv- mu PSP; 
AF2m CHURCH On ME HL dt 
t t t 
Where P, and P, are initial and final momentum of the particle 
Now, if the external force applied on the particle F = 0 we get 


P; =P, or, P = constant 


P a x dv. where v is the velocity of the body | 


* By Calculus : F = ma = m— 
di dt 


t 
FL (gy) i tant] or, F= P= 
ET [ m is a constant] or, Bind - my] 


dP 
^. When F = 0, mM or, P = constant... 
It shows that in absence of an external force, the linear momentum of a particle remains constant. 


(ii) Two body system : We consider the collision of two bodies of mass m, and m,. During 
collision, two equal and opposite forces are produced. m, exerts a force (action) on m; and in return the 
body m, exerts an equal and opposite force (Reaction) m m,. Now by Newton's third law : 

Action force due to m, = — reaction force due to m, 


FP ea E 
1 2 
Since action and reaction act for the same time, the impulse due to the two force must be equal and 


opposite. 
<. Impulse due to the force F, = — impulse due to the force F, 


-. Change of momentum of m, = — change of momentum of m, 
<. mų -my --(mu,—myv;) <- mu +m, = mv ms 


-. Initial momentum of the two bodies = final momentum of the bodies. 


* By calculus : Assume that momentum of the body of mass m, is P, and the momentum of the 
dP, 


body of mass m, is Pj. From Newton's second law : F = on and F, = 


Again by Newton’s third law, F, = -F, 


dP, -dP d 
oot 2 (P,+P,)=0 .. P, + P, = Constant. 


dt dt dt 
* Alternative method : The two particles of masses m, and m, are moving with velocities u, and u, in 


the same straight line. These particles may collide with each other. As a result their velocity may change. 
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. Linear momentum of mass m, is P, = mu, 
and Linear momentum of mass m, is P, = mu, 
. Total linear momentum — mu, + my, 


mH TAM A dP d d 
Differentiating it with respect to time we get — — — (mu mus) =m, f em; Me. 
dt dt ad dt E 
"oma bb. FORES nre (i) 


dt 

Where F, and F, are the forces acting on the particles m, and m, respectively. These forces include 
both internal and external forces. The internal force which arise due to mutual inter-particle interaction, 
always occur. in pairs. Since these action and reaction forces are equal and opposite, they bring about 
equal and opposite change in momentum of the particles. Thus, the internal forces cannot bring about 
any net change in the momentum of a particle. But the external force can produce change in momentum 
of the particles. Thus we conclude that the forces F, and F, are actually the external forces acting on the 
particles. So, the resultant external force, F, = F, + F, 


nt dP 
Hence from (i), WET Fy 


dP 
If external force is absent, F, = 0. -> 3 0 or, P = Constant 


This implies that the total linear momentum P = P, + P, of the particles remains constant, if the 
external force is absent. 

9.16.1. Deduction of Newton's third law of motion from the law of conservation of momentum : 

We consider an isolated system of two bodies of masses m, and m, mutually interacting with each 
other. This interactions cause a change in their velocities and hence a change in the momentum of each 
particle. Let AP, and AP, be the changes in momentum of m, and m, respectively, brought about in a 
small time interval Az. 

Now, according to the law of conservation of linear momentum, the net change in the linear 
momentum in an isolated system must be zero. So 

AP, + AP, =0 or, AP; = —AP, 
'Lt AP, Lt AP, 


Dividing by Aż and taking the limit as A; — 0, we get 227 
At—0 At At +0 At 


, P  dP, 

` dt dt 
". Rate of change of momentum of m, = — rate of change of momentum of m, 
". Force on m, = — Force on m, ~. Action = — reaction 


So, the action and reaction are always equal and opposite. This is Newton's third law of motion. 


9.17. Some illustrations of Conservation of linear momentum : 
. The following examples illustrate the law of conservation of linear momentum. 


(i) Recoil of gun : Firing a bullet from a gun or a shell from a cannon means an explosion produces 
internal impulsive force. Here the principle of conservation of linear momentum is applicable because 
no external force acts on the system. 

The gun and the bullet constitute a single system. Before the gun is fired, both the gun and the bullet 
are at rest. Therefore, their total momentum is zero. When the gun is fired the bullet moves forward with 
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a high velocity and the gun recoils backward. Let m and M are respectively the masses of the bullet and 
the gun and if v and V are their respective velocities, the total momentum of the bullet and the gun alter 
firing is mv * MV. 


According to the principle of conservation of linear momentum, the total momentum before firing 
must be equal to that after firing. 
mv 
So, mv+MV=0. ~. VES M d E Se Ae = + (9.5) 


It is clear from the equation that V is directly opposite to v. 


(ii) Rocket : The propulsion of rockets and jet planes is an interesting application of the law of 
conservation of linear momentum. When the fuel of the rocket is exploded, gases escape with very high 
velocity and has a large momentum. The escaping gases, in turn, impart an equal and opposite momentum 
to the rocket. As a result it moves forward. 


(iii) Explosion of a bomb : Assume that a bomb is at rest before explosion. When it explodes, it 
breaks up into many parts, each part having a particular momentum. For one part flying in one direction 
with a certain momentum, there is another part moving in the opposite direction with the same momentum. 
If due to explosion, the bomb is divided into two equal parts, they fly off in opposite directions with 
equal speed and hence with equal momentum. 

Example 9.17. : A bullet of mass 8 gm is fired from a gun of mass 5 kg. If the gun recoils at 
the speed of 64 cm s^, calculate the initial speed of the bullet. The bullet stops after penetrating 
50 cm into a target. Express the opposing force to the motion of the bullet in Newton. [H.S. 1994] 

Solution : 1st Part : From equation (9.5) 


uuum MV M-5kg 
m = -3 
2 5X0-04 2 passi "x 
: $x103 = 400 ms V =0-64 ms 
-. Initial velocity of the bullet = 400 ms". v=? 


2nd Part : The bullet enters into the target by a distance of 50 cm. So when s = 50 cm, final velocity 
is v = 0. If ‘a’ be the retardation, we write : 
y2y-2as . ~. 0=(400) -2xax0-5 or, a= 16x10* ms? 
+. Resistive force to the motion of the bullet is F=ma=8x 10? x16 10* = 1280 N 


Ex. 9.18. A shell of mass 50 kg is fired vertically upwards with a velocity of 100 ms. After 
5 sec. the shell breaks into two parts due to explosion. One part of mass 20 kg goes vertically 
upward with a velocity of 150 ms™!. Calculate the magnitude and direction of velocity of the other 
part at the time of explosion. |I. I.T. 1993] 

Solution : Upward velocity of the shell 5 sec. after its firing is 

v-u- gt 2100-9.8x5- 51 ms" 
The masses of the two fragments, m, = 20 kg and m, = 30 kg. 
During explosion no external force is applied. The force is the internal energy of explosion of the 


shell. So the law. of conservation of linear momentum is applicable here. If the initial velocities of the 
two parts just after explosion be v, and vj, we can write, 


my, +m V = MV mE xdi ma 
720x150 30x v, 2 50x51 ET ke 
sv, 7-15 ms"! ; 


AS 
m, = 30 kg 
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—ve sign implies that after explosion the heavier part will go vertically downward and its initial 
velocity is 15 m/s. 

Ex. 9.19. : What is the energy of explosion in the previous example 9.18 ? 

Solution : Kinetic energy of the shell just before explosion is 


1 1 
E, =- MV? = 5 *50(51)° =6-5x10"J 


Kinetic energy of the parts just after explosion is 


1 1 1 
E; e mv erm. - 5 [91597 «30x(15)*] 


=5x[45x108 +0-675x 10" 222-84 x 103 


-. Energy of explosion, AE = E; — E, = (22-84—6-5) x10* = 16.34x 10*J 


N.B. The law of conservation of linear momentum is applicable to all types of collision process -— 
perfectly elastic, partly elastic or perfectly inelastic collisions. Although the laws of classical mechanics 
are not applicable to the study of properties of atoms and molecules, but this conservation law is 
applicable. So we can conclude that the field of application of conservation law is much wider than the 
field of application of Newtonian mechanics. 


9.18. Collision between two bodies moving in a straight line : 

Collisions between two bodies are generally divided into three categories : (i) Perfectly elastic 
collision, (ii) Perfectly inelastic collision and (iii) Partly elastic collision. 

Here the collisions are occurring between bodies which are moving in one straight line. So it is 
called head-one dimensional collision. It is already mentioned that in all types of collision the law of 


conservation of linear momentum is applicable. So momentum is always conserved. Reason is : during, 
collision no external force is present other than internal action — reaction forces. 


(i) Perfectly elastic collision : It is a type of collision in which momentum and energy both are 
conserved. Also relative velocity of the colliding bodies is equal to the relative velocity before 
collision. 

Obviously, it is an ideal case. However, the collision between atomic or subatomic particles are 
regarded as perfectly elastic. 


(ii) Perfectly inelastic collision : In this type of collision the bodies after collision stick together 
and move as a single body. So, the relative velocity between the colliding bodies is zero after collision. 
Momentum is conserved. But energy is not conserved. Some kinetic energy is lost during collision which 
reappears as heat. 


(iii) Partly elastic collision : In such collision the bodies after collision move separately with 
different velocities. In this case momentum is conserved ; but energy is not conserved. Also relative 
velocity of the colliding bodies after collision is less than the relative velocity before collision. 

Obviously, this type of collision actually occur in practice and most general among all other collision 
processes. 

9.19. Coefficient of restitution : 

In reality, almost all collisions are partly elastic. During collision some kinetic energy is lost, As a 
result relative velocity of the colliding bodies after collision will be smaller than the relative velocity 
before collision. The ratio between the two relative velocities is defined as the coefficient of restitution (e). 
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as relative velocity of separation 2 
relative velocity of approach — u, ~ 
where u and u, are the velocities of the bodies before collision ; v, and v; are the velocities of 
the bodies after collision. 

The value of e depends on the nature of the collision taking place. 
(i) For perfectly elstic collision : e = 1 ; so in this case v4 v, = u — t 
(ii) for perfectly inelastic collision : e 0, v; =v; =0. 
(iii) for partly elastic collision : 0 < e <1, So (v; -v) «(uy =u) 


9.20. Perfectly elastic collision between two bodies moving along a straight 
line : 


We know that in the case of perfectly elastic collision, total kinetic energy of the two bodies remains 
constant and total momentum also remain conserved, 


Let two bodies of masses m, and m, are moving along the same straight line in the same direction with 
velocities u and u, (u, > u; ). After head-on collision they move with velocities v, and v; also along the 
same line (Fig. 9.21]. P 


ero ONE 


Fig. 9.21 
As the collision is perfectly elastic we write uj =u 9 Y 7v 02... orui. () 
Also mu + myuy mv my) isses (ii) [+> momentum is also consumed] 


Now, from (i), v = u =u) +v; 
^^ from equation (ii) m (1 — v; ) = m (v2 ~ uz) = m (14 -= u v, =i) 


5 vom em) = u(m -m;)*2mu, 
Aw e EORR HDI similary, v, a mmi m - Pu, 


mtm m +m 
* Some special cases : , 
(i) If the masses of the two bodies are equal, m = m;. Then from equations (i) and (ii), 
Vy 7V = m 7 uy and v, *vj = ui us 

From these two equations we get, u =v) and u =v 

So, in the case of perfectly clastic head-on collision between two similar bodies (ie. having same 
mass), the bodies exchange their velocities during collision, 

If the second body be initially at rest, u,= 0, In that case v, =0 and v; = 14. So, after collision the 
first body stops and the second body now moves with the initial velocity of the first body. 


(iv) The bodies are of different masses and the second body is at rest. So, m, * m, and m =0 


IL PIRA 
D mem m +m, 
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(iii) m, »»m, and u «0 In this case, v, = =a, and v, < < So, when collision occurs between 


a light body and a very heavy body which is initially at rest, after collision the heavy body effectively 
remains at rest and the first body retraces its path with the same velocity. 


This type collision takes place when a ball bounces off a wall. The wall is body of large mass 
compared to the mass of a ball. After collision the ball returns almost with the same velocity and the wall 
continues to remain at rest. 


* Energy consideration in the case of perfectly elastic collision + 
We shall show that the total kinetic energy is conserved in such a collision. Now, the kinetic energy 


of the two bodies before collision is. E, Z simui $ — reme 
Sra nid md + mim (ad e] 
i ERES d ————Á +2eymu | 
- mem" tmun)? «mmn ui) | 
"elem tms mms n] 
"seal mme om] 1n ime 


But final kinetic energy, E, = my? time 
^ E, = Ej. So, the total energy is conserved. 


9.21. Perfectly inelastic collision : 


In this case the colliding bodies stick together and move as a single body and the relative velocity 
of separation is zero. Momentum is conserved. But there is a loss of energy. 


Two bodies of masses m, and m, are moving along the same straight line with velocities 


u and uy (wu, >u) in the same direction. After collision the bodies stick together and the velocity of the 
combined mass is v. By conservation law mu *myuy = (m *m;)v 


Energy calculation : A part of the initial kinetic m, 


ber "n. 
energy is lost as heat energy and sound energy. 
Total energy before collision, E, = LL md CO» " A 1 


1 
and total energy after collision, Ey = zm +m,)v? 


<. Loss of energy, AE = E, -E, Fig. 9.22 


160 A TEXT BOOK OF PHYSICS 


1 2 
= AE = zii my - (m +m)v?| 


putting the value of v from equation (i) we get AE = (u -uj) 


2 m +m 
So, the loss of energy depends on the initial relative velocity of the two bodies. 


Example 9.20. : Two spheres of masses 0:5 kg and 0:4 kg are moving towards each other along 
the same straight line with the velocities 0:2 ms! and 0:1 ms"! respectively. After collision they stick 
together and move as a single body. Calculate (i) common velocity, (ii) ratio of initial and final 
kinetic energies and (iii) loss of energy in the process. 


Solution : (i) Velocity of the combined mass v, = SAEs eR 
2 m +m, 
; . :4(-0-1 X 
4 0:3x0-240-4(-0-) oem. m, = 05 kg 
0-5+0-4 Wes 

m, = 04 kg 
MUSICA A a USUS : a 

*. Initial kinetic energy, E; Eit oU u, = 02 ms 


; 7-01 ms 
PUE) =5[0-5(0°2)" «(04/01 ]- 12x10? J 


l 1 : 
and final Kinetic energy, E; -5lm +m)v = (0-5+0-4)(0-067)’ =2-02x107 J 


5 
E MERLO 
E, 2.02 
and loss of energy, AE =(12—2-02)x 07? =9-98x 107 J 


Ex. 9.21. : Three balls A, B and C of masses m, m, and m, respectively are at rest on a straight 
line. Now, the ball moving with velocity u, along the straight line collides with B head-on, after 
which the ball B moves with velocity u, along a line and in turn strikes the ball C which now moves 
with velocity u,. Assuming elastic collision, show that if m, is much greater than m, and m, is much 
greater than m,, then u, would be approximately 4u,. Is this value larger or smaller than the 
velocity acquired by the ball C if ball A were to collide with it directly ? |J.E.E. 1992] 

Solution : By the conservation of linear momentum principle in the case of collision between A 
and B. 


miu, — my, mw, [v, = velocity of A after collision] 
Again, relative velocity of separation — relative velocity of approach. 
J- U =u; -V OF, Vy = Uy — 
~. mih E Ma ER OF, t ERI : 
mom cce em (i) 

Now, the ball B moving with velocity u, strikes the ball C head-on. If the final velocity of B be v » 
then from the conservation of linear momentum principle 

mu, = mV, mus [v, = velocity of B after impact] 

and u, -4,—-v, OF, V3 =u; — 1) 
: 2m;u 
<- My Uy = My (Uz Uy) + my, OF, u =< 22 
m +m 
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jen 2m; à 2myu, 
s u = ——— x ———— 
m +m, m +m, 


Now, if m >>m, then, (m +m) 2 m, and if m, >> m, than, m, +m, =m, 


a. 2m, X 2mu; * 
3 my ^ m = 4u, 
2nd Part : If the ball A strikes the ball C directly, then the velocity of the ball C will be 
2myu 


=2u |m +m, =m 
PT iÍ ptm i] 
9.22. Partly Elastic collision : 


In this type of collision (i) after collision the colliding bodies move separately along the same 
straight line, (ii) total kinetic energy decreases, (iii) total momentum is constant and (iv) relative velocity 
after collision (v; —v,) < relative velocity before collision (u-u) 


n CHI H 1 VaV : 
The coefficient of restitution in this case, e = ———-..... lese (i) 
Uy Uy 
From conservation of momentum law : miu, + myu; = MV, *nyyy. ne (i) 
-. From (i), e(u 215) =v -vı 
Multiplying it by mj, emu — emu, = myv;-myeieee etn (iii) 


Subtracting (iii) from (ii), u (m — ems) + muz (1-6) = (m *m)vi 


20 (m -em)u +myuy(1+e) 
ee m, +m 


m; -em )u, * my (1+e 
Similarly, v, _ (mma -em)w «mu (19) 
m -m 
© Calculation of loss of kinetic energy : 


1 1 1 1 
AE =E;,-E, = (mal ead - (imei emat) 


a ar) Gc &my)(mut + muz )- (m +m )(mv? +m v? ) 


2 Pre de ote: 1 0) 
Now, (m +m) (muy +myu;) =mi uy mius +mm (u *uj) 
2 2 
= (miu + muz) + mm (u =u) 
HT 3; 2 2 2 
Similarly, (m my (mi *myyj)- (mvi my) +mm (v - V2) 
2 P) 2 
= (my, *myy;) *mm, e (u-u) 
So, the loss of energy in partly elastic collision 


2 
AE —— Imai emm; mm; (uy -u y (my, em» -mme (u-u) | 
2(m +m) 
mm 2 2 
2———— l- 14 —1u 
2(m +m) ( enu) 


Phy (D—11 
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(i) If e = 1, i.e. for the case of perfectly elastic collision loss of kinetic energy AE = 0. So energy 
is conserved for perfectly elastic collision 


(ii) If e = 0 i.e. for the case of perfectly inelastic collision 


Example 9.22. : Two spheres of mass 3 kg and 2 kg while moving with velocity 10ms*! and 
6ms"! respectively along a straight line in the some direction, suffer a head-on partly elastic collision. 


If the coefficient of restitution be e = 05, calculate the velocities of the spheres after collision. How 
much of kinetic energy is lost ? 


Solution : f velocities of the spheres after collision be v, and v, respectively, then by the conservation 
of momentum law 


mu, t nyu = mv, + Mv m n DAE 
m,-2kg 
3x10+2.x6=3v, *2v; u= 10 ms! 
oM MET T a |) =6ms! 
v V3 =" 
Now, "E ; or, 0:5= TER 
VE Re a (ii) 


Solving the equations (1) and (ii), v, = 6ms"! and v, =9-6 ms! 
2nd Part : Loss of kinetic energy during collision is 


mm. 2 e-05 
AE SOS =u Ns a 
WET ‘ fe n) Bie 10 p 
u, = 6 ms 
3x2 


2 2 3 
= 1-(0-5) (10-6) =~ x(1-0-25)x16=7- 
Seal (0-3) }(10-6) 5% (I-0-25)k16=7-2 5 
9.23. Direct partly elastic collision between fixed surface and a sphere. 


A sphere is dropped on a horizontal floor from a height H. 
After impact with the floor it rises upto a height ^. We can calculate 
the coefficient of restitution between the floor and surface. 


The velocity of the sphere just before hitting the surface is 
given by uy =2gH  -.1H- J2gH 
The velocity of the floor before collision, u, =0 
If the velocity of the surface just after collision is v, where 
y= -2sh [as the surface rises upto of height /] 
Fig. 9.23 and the velocity of the surface just after collision, v, =0. 


"Coefficient of restitition, e= ERE SEHE after collision — vz =v 
relative velocity before collision u — u 
0- -/2gh 
E pul WR < h=eH 
42gH -0 H 
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Example 9.23. : A ball is dropped on a floor from a height h. Show that the ball will travel 


1e? 


a distance of 7 -h before it comes to rest. e = coefficient of restitution between the ball and 


the floor. f [H.S. 1993] 

Solution : The velocity of the ball just before impact with the floor v — 2gh . If the ball rises to 
the height H after first impact, v, = ev = J2gH- 

From equation (i) and (ii), e m dove etn (iii) 

After first impact with the floor, the ball rises to a high H =e°h. 

Before the second impact the ball has to fall by e2h 

So, between the first and second collision, the ball will travel a distance of 2e? . Similarly, the ball 
vill travel the distances 2e (e^h), 2e (e*h), 2e (e*n)..... before the 2nd, 3rd, 4th,...... collisions. 

So, the total distance travelled by the ball before it comes to rest is 


S-h«2e?h2e*h 4 2e5h4 28 h........ 
- h[l+2e? +2e" «2654 erre ] 


-ip(ee +e! ++ ER )-1] 


2 lee? 
zi E Jes + (Proved) 
]-e l-e 


* N.B. If the ball comes to rest after a total time T then, 


THt4+2t) 2t ........—. 
Here t= EL. time taken by the ball to fall through the distance A 
g 


2h ; 3 
1, = |— = time of ascent or discent after first impact 
g 


2h t : : 
t, =,|— = time of ascent or discent after second impact. 
g 


When (is BAAS etc. are the heights of ascent or descent after Ist, 2nd ;. .. . etc. collisions. 
Similarly other time intervals can be calculated. : 


T= + |— + sic rr d 
& g g 
2h |2eh |2e'h 
= i+ + a AEE 
g g g 


9.24. Rocket : 
Space ships are launched in space by rocket. The principle of action of rocket is based on the law 
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of conservation of linear momentum. Rockets are driven forward by the jet of high speed gas ejected from 
the rocket. Rocket is essentially a combustion chamber in which solid or liquid fuel is burnt. 


Principle of operation : The rocket carries fuels in the combustion chamber. It does not take 
oxygen from air. It carries its own oxygen in the liquid state. For this reason rocket can go outside 
atmosphere. As there is no atmosphere, rocket can develope very high speed. 


As the fuel is ignited, the gas formed at very high pressure and high temperature 
comes out through the nozzle at the rear end of the rocket with a very high velocity. 
The reaction of the escaping gaseous provide necessary thrust for the launching and 
flight of the rocket. The mass of the rocket and fuel system gradually decreases due to 
escaping mass of the gas. 


We can also explain the theory of rocket propulsion from the law of conservation 
of linear momentum. From the principle it follows that the momentum lost by the 
escaping gases must be.equal to the momentum gained by the rocket. So, the rocket is 
propelled forward in a direction opposite to the direction of the jet of escaping gas. Due 
to the thrust exerted by the rocket, the velocity and acceleration will go a increasing. 


* Velocity of the rocket : Let due to the combustion of the fuel the gas produced 
at very temperature and pressure comes out-of the nozzle at a velocity v, relative to the 


rocket. By the principle of conservation of linear momentum, the rocket gains a high 
Fig. 9.24 velocity into forward direction. F 4 


Let at any time ¢ the total mass of rocket and the fuel be m and forward velocity is v. During the 
time interval between ¢ and f+df loss in mass of the rocket is dm. This lost mass escape from the rocket 
at a velocity v, relative to the rocket. So in time ¢+df, the velocity of the rocket is v+dy relative to the 
earth and its. mass is m*dm, while dm is a negative quantity [Fig. 9.24(a)]. 


: Now the velocity of the gas relative to the earth (v a) 
= velocity of the rocket relative to the earth (v) 
— velocity of the gas relative to the rocket (v,). 
Piet Perel a Ae OU Seda (o eee EP OMEN om (i) 
As there is no external force acting on the rocket, the law of 


‘conservation of linear momentum will hold good. Hence initial 
momentum is equal to final momentum. 


<. mv - (m- dm) (v dv) - dm(v -v,) 


^. m dv =—v, dm [neglecting dm: dv as it is small] 


dm t "dm 
G Ey e = 4 I mi 
1 dv=-v, or, fdv - —, Í vavy oy, Ine, 
i Yo my m 


Fig. 9.24(a) 


If initial velocity of rocket vp = 0 then v = v, Inh. eA AE D dit (ii) 
m 


* Effect of gravity : In our previous discussion we have not considered the effect of the force of 


gravity. If the downward force on the rocket due to earth's gravity is taken into account, the expression 
for the velocity of the rocket reative to the earth is 
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9.25. Jet : 
Jet plane like rockets, acts on the principle of the law of conservation of linear momentum. So 
working principle of jet plane is same as principle on which motion of rockets depends. 


In jet plane the fuel consists of petrol vapour mixed with air. The oxygen necessary for the combination 
of fuel is obtained from air sucked iri at the front of the engine. Due to the combustion of the fuel, very 
hot gas at very high pressure is produced. This gas escapes from the nozzle at the back of the rocket. 
The issuing gas is called jet. The plane runs forward due to the force of reaction in the forward direction. 


As jet planes collects oxygen from atmospheric air, it can not rise to a high altitude. But rocket can 
go in space above atmosphere as it carries it own oxygen. 


Ex. 9.24. : In a rocket the mass of he fuel is 90% of the total mass. The rocket is blasted from 
a launching pad. If the exhust gases are ejected at a speed of 2 kms", what is the maximum speed 
attained the rocket ? Neglect effect of gravity and air resistance, 


Solution : Here v, = 2 kms ! 
The mass of the container is 10% of the total mass of the rocket and 90% is the mass of the fucl. 


So, ~2=10 
m 


The rocket will attain the mximum speed v, when all the fuel is burnt. The maximum speed is 
mnm 
v 2v, In —- 22x In 10 
m 


=2x2-303 log; 10 = 4-606 kms ' 


* SHORT ANSWER TYPE QUESTIONS (With Answers) € 


Question 1. How can you deduce Newton's third law from the law of conservation of linear 
momentum ? [H.S.] 


Ans. According to the law of conservation of linear momentum, if external force is absent total 
linear momentum of a system of bodies will remain conserved i.e. linear momentum in a particular 
direction before and after interaction will remain same. 


"mu +m u; = MV, + mV 


Here m, and m; are the mass of the two bodies; u and w, the initial velocities of the particles : 
v,and v, are the final velocities of the particles. d 


<- m (uy = v) =m (v ~in) 


- Since action and reaction acts for the same time interval. 


< ma =-ma > F, =F, 
- Hence for the collision between bodies, action is equal to reaction which is oppositely directed. 


Q. 2. When a person falls from a certain height on a heap of sand he receives less injury than 
when the jumps from the same height on a metal floor. Explain. i 


Ans. We know that greater in the rate of change of momentum greater is the opposing force 
produced. For the reason, when a man falls on a hard metal floor, momentum decreases rapidly i.e. rate 
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of change of momentum is very high. But when he falls on heap of sand, rate of change of momentum 
of the man is slower, because a part of his body enters into the sand. So opposing force on the man is 
much larger when he jumps on hard floor. 
Let the velocity of the man just before touching the floor or sand be v. If the man comes to rest 
2 
v 
within a distance x then his retardation, a furem 


3 


v 
If F be the upward force on the man then, ma- F-mg ~. F=m(g+a) <. F=m gu 


So, larger the value of x, F will be less. x in the case of heard floor is much less than when the man 
falls on sand. Evidently the man receives less injury when he falls on sand. 


Q. 3. Is Newton's first law of motion is applicable in all reference frames ? 
Ans. No. Newton's first law of motion is valid only in inertial frame i.e. in the frame which is either 
stationary or moving with a uniform velocity. 


Q. 4. Wind is blown on the wind screen of a boad by electric fans which are fixed on the boat 
it self. Will the boat move ? 


Ans. No ; the boat will not move. 


Reason : From Neuton's second law, we know that acceleration is created in a body only when 
unbalanced external force acts on a body arid the body moves. Air blown from the electric fan exerts a force 
on the screen.and at the same time air exerts an opposite reaction force on the fan. Since the fans and the 
boat form a single system of bodies, then will be no acceleration of the boat. So the boat will not move. 

Q. 5. A block of mass 5 kg is suspended from a spring balance and another block of same mass 
is balanced in a common balance. Both the balances are kept in a lift. If the lift starts moving up 
will the reading of the two balance change ? 


Ans. Reading of the spring balance will increase. But the reading of the common balance will not 
change. 

Reason : Spring balance records the weight of a body. When the list goes up, wt. of the body 
increases from w = mg to w' = m(g+a) when a = acceleration of the lift. Now, the spring balance reads 
w'. So, the reading of the balance increases. 

On the other hand a common balance measures the mass of the body. As the mass is constant 
quantity of a body, the reading of the common balance will not change. 


Q. 6. Consider the fig. 9.25. What should be the mass M of the suspended block so gat the 
block of mass m remains stationary on the larger triangular block of mass M, ? 


Ans. The force applied on the ses block is F = Mg. 

So the common acceleration of M, and m is 
5 F A Mg 

M,*m-M M,+m+M 


in the horizontal direction 


m and M, will remain in the same place if 


SUAN Mg 
acos@=g:sin@ or, ————— 0- esi 
g Msi £M cos g-sin 6 
M, *m«M "n M,+m wu Mit 


a ;.cot 0- =1+ <- M=——— 
eee M cot 0-1 
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Q. 7. The traingular block ABC of mass M is placed on a table. What acceleration ‘a’ be 
imparted to the block so that a body of mass m placed on the block will remain stationary ? 
Calculate also the necessary horizontal force. 


Ans. Consider the adjacent fig. 9.26. A 
The component of acceleration *a' along the plane AC is a cos 0. 
Acceleration of m along the. plane AC is g sin 8. 

The block m will remain stationary is a cos 0 = g sin 0. 


"a7 gta Oley, f am t () 
43 
The required horizontal force is F = (m-- M)a 7 (M +m) g-tan 8 Fig. 9.26 


Q. 8. A balloon of mass m is descending with an acceleration ‘a’. What mass be dropped from 
the balloon so that it may go up with the same acceleration ‘a’. 


Ans. Consider the fig. 9.27. For the downward motion of the balloon, 
its equation of motion is. 
ma = mg — F [F = upthrust on the balloon] 
Let when a mass Am is dropped from the balloon, it will start to go up 
with the acceleration ‘a’. Now, its equation of motion is 
(m- ^m)a = F-(m- ^m)g 


‘ 2 
From the two equations : 2ma-(Am)a - Am:g or, Am= m 


gta 
~. the required mass = zn Fig. 9.27 
gta - 
Q. 9. From the ceiling of a room a body of weight W, is suspended by a rope of weight W,. 
What force the ceiling of the room will exert on the rope ? |H.S. 1998| 


Ans. Total weight W,+W, is suspended by the rope. So the ceiling of the room will exert a force 
of W,+W, on the rope. 


Q. 10. Can the passengers sitting inside a stationary car, move the car pushing it from inside ? 
Explain. |H.S. 2000] 


Ans. No. The car will not move. 


Reason : The passengers and the car together from a single system. When the passengers pushes 
the car, the car also exerts a reaction force on the passengers. This action-reaction is actually internal 
forces. So they balances each other. Hence, the car does not move when the passengers inside the car 
pushes the stationary car. 


Q. 11. When a body is projected vertically upward the momentum of the body first decreases, 
then gradually increases. Is the law of conservation of linear momentum violated here ? Explain 
you answer. 


Ans. Here the law of conservation of linear momentum is not applicable and is not violated. 


Reason : This conservation law is applicable only when no external force acts on the body. But in 
this case force of gravity acts on the body and produces some changes in momentum when the body 
moves upward. Work is done against gravity. So, its velocity and momentum gradually'decreases. At the 
highest point of the trajectors, momentum is zero. Then as the body comes down, earth's gravity acts on 
the body. So its velocity and. momentum gradually increases. ; 
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Q. 12. In which case tension in the string will be large — when two persons pull a rope each 
by applying a force F at the two ends of he rope in the opposite direction or when a person pulls 
the rope by a force 2F with one end of the rope fixed on a wall ? Explain your answer. 

Ans. Tension in the rope in the second case will be double than in the first case. In the first-case 
tension in the rope is F. But in the second case tension is 2F (here 2F is the reaction force). 

Q. 13. A box of mass 10 kg is falling with uniform velocity. What is air resistance in the box ? 

Ans. As the ball is falling at constant speed, net force on the mass is zero. Weight of the box acts 
downward and air resistance acts in the upward direction. So the air resistance on the box is 10 kg. wt. 

Q. 14. In which reference frame Newton's first law of motion is applicable ? 

Ans. Newton's first law of motion is applicable in an inertial frame. 

Q. 15. Suppose you are in a lift which is moving upward with an acceleration ‘a’. You take 
a particle and you apply a force on it. Will you apply Newton's second law of motion to determine 
the motion of the particle. : |J.E.E. 1990] 

Ans. Newton's second law of motion can not be applied for the study the motion of the particle. 
Reason : The accelerated frame acts as a non-inertial frame where Newton's laws of motion are not 
valid.’ 


Q. 16. A stone of mass 0:05 kg is projected vertically upwards. What force acts on the stone 
in the following cases ? 


(i) during upward motion, (ii) at the highest point of its path and (iii) during downward 
motion. |g = 9:8 ms~] 

Ans. In all the three cases (i), (ii) and (iii) only one force will be acting. That force is the weight 
of the body itself. Hence the force on the stone in all the cases is F = mg = 0:05 x 98 = 049N 


Q. 17. In fig. 9.27(a), we see the position-time or (-/) graph of a particle of mass 4 kg in its one 
dimentional motion. Calculate the force acting on the particle when / « 0, 17 4s and 0 «/«4 s. 


Ans. From the graph it is evident that the 
particle is at rest for the cases / < 0 and / > 4 sec. 
[Parts AO and BC]. In the time interval between 
t= 0 and ¢= 4, the particle is moving with uniform 
velocity. The velocity v is the slope of the curve 
OB = 3/4 m/s = 075 ms. 


A 0 4 2 t (s) Now in all the time intervals the particle in either 
stationary or moving with constant velocity, Hence 
Fig. 9.27(a) net force acting on the particle is zero. 


Q. 18. In the question 17, calculate impulse acting on the body at (i) £ = 0 and (ii) t — 4 sec. 


Ans. (i) The body was at rest at time t < 0 and velocity of the particle at time ¢ = 0 is 0/75 ms“. 
So, the impulse acting on the body at ¢ = 0 is 


J — change of momentum 
= (momentum of the body at ¢ = 0) — (momentum at z < 0) 
74x 075 — 0 [mass of the body — 4 kg] 
73 kg ms! 


(ii) At t= 4 sec., the velocity of the body is 075 ms! 


f and at time 4 > 4 sec, its velocity is zero,. 
So, the impulse on the body at / = 4 sec. is 
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J = (momentum of the body at ¢ > 4 sec) — (momentum at / = 4 sec) 
-0-4x075--30 kg ms". 


Q. 19. A stone of mass 0-1 kg is dropped from a train. If the train is moving with an acceleration 
of 1 ms~, what forces will be acting on the stone before and after it is dropped. 


Ans. The force acting on the stone before it is dropped is F = ma = 01 x 1 = 01 N (horizentally) 
and the force on the stone after it is dropped is 


F = wt. of the stone = 0:1 x 98 = 098 N (downward) 


* MISCELLANEOUS EXAMPLES *' 


Example 9.25. : A lift is ascending with a uniform acceleration f. A person standing on the lift 
throws a ball vertically upwards with a velocity v relative to the lift. If after time f, the ball falls 


5 $ 3 t 
back in his hand, show that v = Q0; where g is the acceleration due to gravity. |H.S. 2003} 


Solution : Let u be the velocity of the lift upwards relative to the ground at the time of throwing 
the ball. 


So, (u+v) is the relative of the ball relative to the ground. 


1 
In time /, the distance travelled by the lift, s=u +7 fe 


1 
and the distance travelled by the ball during the same time is s 7 Qr v)t = at" 


Since.the ball is caught by the person, s = s, 


119 ides 
^ut x ft =(u+v)t- gt 
u Al (uv) 78 
1 1 ; 
.—ft=v-—agl 
27 wae 


veste (+8) (Proved) 


Ex. 9.26. : An engine of mass is 5x10* kg is pulling a car of mass 4x10* kg. Resistive force to 
the motion of the engine and the car is 1 N per 100 kg. If the engine exerts a froce of 4500 N 
calculate acceleration of the engine and tension in the chain connecting the engine and the car. 

Solution : Consider the fig. 9.28. Here mass of the engine is M, and that of the car is M,. F, and 
F, are the frictional force on the engine and the car respectively. T is the tension in the chain connecting 
the engine and the car. 


5x10 
0 


Now, F, 21x N =500N 


4x10* 


100 
The equation of motion of the engine, M, 
and the equation of motion of the car, Ma 4 T- F; Fig. 9.28 


GEH AMA 20-04 mst 
M,*M5 9x10 
<. tension in the chain, T = M,a +F, =4% 10* x 0-04 +400 = 2000 N 


and F =1x N =400N 
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Ex. 9.27. : An object A is allowed to fall from the top of an inclined plane of length 18 m and 
it reaches the bottom after 3 sec. Simultaneously with A, another body B is thrown with a velocity 
from the bottom up the plane. B goes upto a certain height and then again returns to the bottom. 


If both the objects reaches the bottom at the same time. Calculate acceleration of A and initial 
velocity v, of B. 


Solution : Let the angle of inclination of the inclined plane be 0. The block A is falling along the 
plane from the point C and the block B is projected along the plane upwards with velocity v,. [Fig. 9.29] 


So, the acceleration along the plane, a = g sin 0 


1 
For the first body, $= ura 


218-07 g sin 0 x (3)? SR BAGS E owls (i) 


Let the block B goes upto a distance s, along the plane upwards 
in a time /,. Then, à 


0- v, -g sin 0-4 [t, = time of ascent of block B] 


Vo Vo 


Fig. 9.29 x Ex Fail o ae [ by (i)] 
After the same time t, the block B comes back to the bottom. 
^. total time / — 4, +h 21, =2 voco Treo us yy = 6ms"! 
LES. 2 


and acceleration, a= g sin 0 = nee -4ms? 


Ex. 9.28. : Two particle of mass m, and m, are moving along the same straight line in the same 
direction with velocities u and v respectively. If they collide elastically, prove that second particle 
2mm;(u- v) 
Ne t a 
Solution : From the principle of conservation of linear momentum 

Jy my ssim eemavpa 2515. e au UIN a w (i) 
where u, and v, are the velocities of the particles after the collision. 
Again, in the case of perfectly elastic collision u-v = Yi-u 


receives the momentum of amount from the first particle. 


OM =v) uty 
7. from (i), mue my =m (v; -uv)* mv, =(m, +m )vi -mu mv 


oa _2mu+(m, - m)v . 
Ap =——— 

m +m, 
momentum of the second particle after collision — mv} 


". Change of momentum of the second particle AP = MV, -my 
2mym;u = 
y eene: my(m, xis: 
m +m, 
e" [eem -m)v-(m d ` 2mm (u-v) 
=m = 


m +m ` 


m +m 
Evidently AP is thè amount of momentum received by the second particle from the first particle. 
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Ex. 9.29. : The rope of a crane can bear a maximum tension of 1000 kg-wt. With what 
maximum acceleration can a box of weight 800 kg can be raised by the crane. 


Solution : Let the maximum acceleration with which the box can be raised is ‘a’. If T be the tension 
in the rope then the equation for the vertical motion of the box is ma = T- mg 


lu ie . | T= 1000 kg-wt = 1000 g N 
m m = 800 kg 

_1000xg E 
800 “4 


(aes ms? 
4 


~». Required acceleration, a — 2-45 ms? 


Ex. 9.30. : A wooden block of mass 10 kg is suspended by a long string. A bullet of mass 
50 g moving horizontally strikes the block and remains embedded into it. As a result the block 
swings and rises to a maximum height of 10 cm. What is the initial velocity of the bullet ? 


Solution : Assume, the initial velocity of the bullet = u ms"! 
Then by conservation of linear momentum 
50x 10°u+0=(10+0-05)v [v = velocity of the combined mass] 
25»10?u210-05v.... (i) 


Due to impact, the block rises by 10 cm. So, by conservation of 
energy, kinetic energy at A — Potential energy at B 


SR ;M mv = (M 4 m) gh 
svo gh -42x9:8x0-1-1.4 ms! 
7. from equation (i), 5x 10?4 210-05x1-4 


H z p u 
ga 1005x1410 ia ms Fig. 9.30 


Ex. 9.31. : The mass of a uniform chain of length L is M. It hangs vertically such that its lower 
end just touches the floor. Suddenly it is allowed to fall freely vertically, when the whole chain falls 
on the ground, what force a will be acting on the ground ? 


Solution : Let m = mass per unit length of the chain. It is falling freely : so its downward acceleration 

is g. > 
When a length ‘y’ of the chain falls on the ground, the velocity of the falling part of the chain is 

v -42gy i 

In the next small time df, the length of the chain which falls on the table is v df 

^. In this time increase of momentum = m v dt x v = mv? dt. 

. rate of change of momentum = mv? = 2 mgy 

A length ‘y’ of the chain falls on the floor. Its weight = my g 

Hence for the length ‘y’ of the chain total force on the ground = 2 mgy + mgy = 3 mgy 


:. When length L fall on the ground the force is =3mgL= stg =3Mg 


+. For the whole chain total force on the ground = 3 Mg. 


172 A TEXT BOOK OF PHYSICS 


Ex. 9.32. : A plastic ball is dropped from a height 1 m on a floor. It rebounds several times 
on the floor. If a time of 1:3 sec is spent from the moment the ball is dropped upto the second 
impact with the floor, calculate the coefficient of restitution. 


Solution : The velocity of the plastic ball just before hitting the floor for the first time, u = 2gh 
[^, = initial height of the ball] 
upward velocity of the ball just after first impact, vı =2gh, 
{h, = height upto which the ball rises after first impact] 
Now, v, =e [e = coefficient of restitution] 


2h ZXL1 
Now, time of descend after it is dropped is f, = {— = Cd =—=sec 
Bev Med. 5 
3 ; 5 : 2vj. 2eu | 2e 
time spent between first and second impact is [ois 2T It gh =2e | 
g 
2e eee 
nh =2e t == i 24 Sk 4. ==+—== 13 or, €=0:93 
2 i Vs By question, / =f +t, =1-3 J YE 


Hence the value of coefficient of restitution = 0:93 


Ex. 9.33. : A body of mass ‘m’ moving along X-axis with velocity ‘V’ collides with another body 
of mass ‘M’ moving with velocity ‘y’ along Y-axis. After collision they combine and move as a single 


body. Calculate the magnitude and direction of velocity of the combined mass. 
M 


Solution : Consider the fig. 9.31. Let the combined mass moves 
with velocity u making an angle 0 with X-axis. Now we apply law of 
conservation of linear momentum to the X-components and Y- 
components of different momenta separately and we write 


mV +0=(M+m)u-cos® and 04 Mv = (M +m) u-sin 0 


<: MV? e My? =(M +m)? u? 


Fig. 931 2 Mtm mv 
Ex. 9.34. : A smooth pulley is attached at one corner of a horizontal table. A block of mass 10 
. kg is kept on the table at a distance of 7m from the pulley. A string attached with the block passes 
over the pulley. On the other end of the string a block of mass 4 kg is hung. After what time, the 
block on the table will reach the pulley ? 
Solution : The arrangement is shown in fig. 9.32. If ‘T’ be the 
tension on the string and ‘a’ be the acceleration of the system, then 
the equation of motion of the two blocks are 
ma = mg — T and Ma = T : AOL Rare a 
mg _ux9-8 
M+m 10+4 
If the block M reaches the pulley after ¢ sec then, 


From the two equations, a= =2-8 ms? 


2x [x it 

cem 24522.2 

9 2.8 45 22.23 sec 
< the required time = 2:23 sec. 


f= 
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Ex. 9.35. : A disc of mass 10 gm is kept suspended horizontally by hitting it with 10 marbles 
per sec from below. The mass of each marble is 5 g. Calculate the velocity with which a marble 
hits the disc. Assume that each marble rebound with the same velocity downwards. 


Solution ; The disc is at rest in space. 
~. Change in momentum of the marbles per second — wt. of the disc. 
Now change of momentum of one marble after its impact with the disc 
= mu — (mu) = 2mu [m = mass of each marble, u = velocity of impact] 
;. Change of momentum of 10 marbles — 20 mu 
<. Rate of change of momentum = 20 mu 
7. 20 mu = Mg [M = mass of disc] 


M 
u= ie no: 289 =98 cms! 
20m 20x5 
Velocity of impact of each marble = 98 cm/s 


Ex. 9.36. : A shell of mass 30 kg is moving straight upwards. When its upward velocity: is 
150 ms", it breaks into two parts due to explosion. A part of mass 5 kg momentarity is at rest. 
Calculate (i) How far the other part will rise after explosion ? (ii) Energy released due to explosion. 


Solution : (a) Let the velocity of the bigger part of mass 25 kg just after explosion be v. 
By conservation of linear momentum, 5x 0+25v =30x150 ~. v=180 ms” 
ae, E : alee y) (180) 
The height to which the bigger part rises Is H=—-= 
2g 2x98 
(b) Energy produced due to explosion, E = final energy = initial energy 


-1653-06 m 


E = 5 «25x (180) -1x30 x (150) —6-75x10* J 


Ex. 9.37. : Water is gushing out horizontally at a velocity of 10 ms"! from a pipe of diameter 
5cm. After impact the water flows parallel to the wall. Calculate the force exerted on the wall. 
Density of water = 1000 kg m? 

Solution : Let A.n? be the area of cross section of the pipe and v ms"! is the-velocity of water 
gushing out from the pipe. 

So, the mass of water striking the wall per sec = A v p. k 

As the water flows parallel to the wall after impact, the change of momentum of water per sec = 

Av p 

^. Force exerted on the wall, F=Av°p 

s F= n(2-5) x107* x 100 x 1000 = 196-25 N 


Ex. 9.38. : Three particles A, B and C of equal mass move with equal speed v along the medians 
of a equileteral triangle as shown in fig. 9.33 (a). They collide at the centroid G of the triangle. After 
collision A comes to rest, B retraces its path with speed V. What is the velocity of C ? [I.L. T. 1982| 


Solution : Let mass of each particle be m ; momentum of each particle ‘before collision is mv 
[Fig. 9.33(b)]. After collision particle A stops and the particle B retraces its path. The particle C moves 
with velocity v, along GD [Fig. 9.33(0]. - 
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According to the principle of conservation of linear momentum, sum of X-components of momentum 
before collision = sum of X components of momentum after impact. 


mv cos 30°—mv cos 30? — -mv cos 30°+mv cos 0 


Y' 


(a) UO, ©) 
Fig. 9.33 

Similarly, considering Y-components of momentum before and after collision, 

We get, —mv+mv-sin 30°+my sin 30°= -mv sin 30°+mv, sin 0 


From the equation (i) and (ii), v, =v and tan 0 = um 8-30? 
3 


So, the particle will move along BG with velocity v. 


Ex. 9.39. : A uniform chain of mass M and length L is suspended vertically so that its lower 


r 
end just toches the floor. The chain is released at f = 0, what force will be exerted on the floor after 
t sec ? 


Solution : When length / of the chain touches the floor, the velocity of the chain is y= A224 . In 
the next small time dt, the additional length of the chain touching the floor — v dr 


Its mass dm =v dli[ à= A mass of unit length of the chain] 
~. increase of momentum in df, dp =v dm=? dt 
<. Rate of change of momentum = Av? =2g/ À. 
-. total force exerted on the floor, F=2g/ à + wt. of length /. 
< F=2g/A+1 À g=3gl X. 


l 
If a length / touches the floor in time /, [XE 


Ex. 9.40. : Two boats floating on water in a lake are stationary and are connected by a rope. Initial 
distance between the boats is 100 m. A man in a boat pulls the rope with a force of 100 N. The.mass of 
the boat with the man is 250 kg and the mass of the other boat is 500 kg. Calculate : (i) the velocity 
with which both the boats approach each other after 5 sec. (ii) the time of meeting of the boats. 
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Solution : From the action reaction principle, the second boat also pulls the first boat with the force 
of 100 N. : 
<. The force acting on the first boat, F = 100 N 


100 t 
~ acceleration of the first boat, aj TA — 0-4 ms? (towards the second boat) 


ned : 100 3 

Similarly acceleration of the second boat, 4» ETT 0-2 ms? (towards the first boat) 

So, the acceleration with which the boats approach each other, a =a; +a, =0-4 40.2 20-6 ms” 
(i) So, the velocity with which the boats approach each other after 5 sec is y=at=0-6x5=3 ms a 


2x 2x100 


(ii) The time after which the boats touch each other ¢ =,= = =18-3 sec 


6 

Ex. 9.41. : Two small similar spheres hang by two Meno ones of lengths 1:6 m and 20 m 
respectively, so that they just touch each other with their centre at the same level. The former 
sphere is pulled aside till its string makes an angle of 60" with the vertical and is then released. After 
the impact the second sphere is found to swing through an arc of 45°. Find the coefficient of 
restitution. Take g = 10 ms”. 

Solution : The arrangement is shown in fig. 9.54. Let the first sphere (A) rises by A cm when pulled 
aside by an angle of 60° with the vertical. 

Increase of Potential energy of the sphere A, 

AE, 2mg(l -4 cos) ~. AE, = mg 1,(1-cos®) 

If v, be the velocity of first sphere A just before collision then 


jt = mgl,(1—cos®) or, vy = 2g (1 —cos0) 


sw = {210% 1-6(1—cos 60°) =4 ms... een (i) 
Let after collision the velocity of A is vj and that of B is v, Then 
mx4+0= mvj * mv; n3pkwym4..2.4 bent (ii) 
After collision the sphere B is deflected by 45°. Then by the principle 
1 
AB of conservation of linear momentum zm = mgl; (1— cos 45") 
Fig. 9.34 +. v2 =2gh(1- cos 45°) 


Du 2g (1— cos 45°) = 210x2-0%( 1-5] 


z E 23.41 ms? 
1-41 


viv} =4-3-41=0-59 ms ' [by (ii)] 


<. Coefficient of restitution, e = YM Lise abies 
y,-0 4 
Ex. 9.42. : Two blocks A and B of mass m, and mp are connected 
by the arrangement shown in fig. 9.35. Calculate the downward 
acceleration of mass Mg. 
Solution : Let the downward acceleration of B is ‘a’. Then the upward 
acceleration of A is a/2. Tensions at different parts are shown in fig. 


0-71 
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Now the equation of motion of B, is mg a-mpg g-T ......... (i) 
: a 
and the equation of motion of A is mą CHE 2T-m, g 
or, mni GRADED) gir anti. SHOCK Mec ru eun ue (ii) 
2g (2mp - m4) 
My tM, ` 
Ex. 9.43. : Calculte the acceleration of the block of mass m, in the fig. 9.36. Assume all the 


surfaces friction less and the pully is light. In the fig. tensions in different strings and acceleration 
of diffeent blocks are also shown. 


From the equations (i) and (ii), a = 


Solution : The equation of motion of block m, ma - 2T 


3:8 SEES ship (i) 
the equation of motion of block m5, m (a; -a)=T-m,g 
Een Tice) orate (ii) 
and the equation of motion of block 7, m; (a, +a)=m,g-T 
Fous Bs T = e e n ain le Fus (iii) 
i T T é 
From equation (ii), Q-ü ETE -dingntss (iv) 
: m 
> eer Ji 
and from equation (iii). aca -2g-— ......... (v) 
ms 
Jos Tid 1 Fi 
"mde 2a-22g-—-—— or, a= g- | —+— ig. 9.36 
From equation (iv) and (v) 44 728 m m a-g 2 B + 


og «mie B ERN Rp 7 
4 jm m 2 


be en g 
4im, m m | Ry } 
1 + 
It is the acceleration of block m. Alm, m, 

Ex. 9.44. : A small glass sphere is projected at an angle from a point of a horizontal plane. 
After first impact with the plane, the sphere collides directly with the vertical wall. Finally after two 


collisions with the plane the sphere returns to the initial point of projection. 
Prove that where e= 2(1- e?) when e is the coefficient of 


restitution between the sphere and the plane. 

C Solution : The small glass sphere is projected from the point A 
as in fig. 9.37. The sphere first collides with the plane AO at the point 
B. Then it collids directly with the wall at C. During its return journey 
the sphere collides with the plane AO at D and E and finally reaches 

` the initial point A. 

Let the horizontal and vertical component of the initial velocity 


Fig. 9.37 of A be u and v. 
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The time after which the sphere goes from A to i is 4 = ae 
V Wah E 
g 


After collision at B, the horizontal component u does not change the vertical velocity becomes 
v =ev 


Time taken by the particle to go from B to C is, ¢, = er 
L4 
^ BO - ut, = 
t 


After collision at C, the horizental component of velocity u — eu . As the collision with the wall 
is direct, the sphere takes same time £, to come from C to D, 


Again just after collision at D, vertical velocity is e’v and horizontal velocity = eu. 
X " 2e*y 2e*uv 
time spent to go from D to E is 43 = Kara and DE = eut; = 


Also after collision at E, vertical velocity = e*v and horizontal velocity = eu 


; F 2e'v 2e*uv 
time spent to go from E to A is t4 = 2€ Y and EA=—— 
L4 


Now, AB + BO = OD + DE + EA 
2uv euv ew | 2euv 2e*uv 

3 * - "m ux 
& g g & g 1 

^ (e+1) (2e «e-2)-0 Oy 


As'e cannot be negative so, 2e? 4e-2-0. ^ e= 2(1- e!) 


Ex. 9.45. : A body of mass m is placed on an inclined plane of VA 
| inclination 0 which an elevator |Fig. 9.38]. The elivator is rising with an FORTES 
acceleration ay. After what time will the body will the bottom of the Fie, 9.38 
g. 9. 


indired plane. 
Solution : Different forces acting on the body and shown in fig. 9.39. Let ‘a’ be the acceleration 
of the body relative to the inclined plane. 
Hence, ma = (mg + mag)sin a, 
`~ a-(g-*ag)sin a 


Distance to be travelled by the body, x = 
cos & 


^ L 1 
If ¢ be the time interval then, E =5(s+40) sinat? 
c 


2L 
2s - 
lian sin œ- cos | 


Fig. 9.39 


Phy (D—12 
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1. Mass is the measure inertia — Explain it from first law of motion. 


A. Short Answer type Questions : 


. Mass is the measure of inertia — explain it from Newton's second law. 

. What are the different types of reference frames ? In which frame Newton's laws of motion are valid ? 
. How can you obtain Newton's first law of motion from the second law ? 

- What is inertia ? What are different types of inertia ? Is it a physical quantity ? 

. Define unit force in SI system from Newton's second law of motion. 

. What we mean by impulse of a force ? How is this quantity related to momentum ? 


8. When a bullet is fired on a glass window it makes a clean hole. But when a stone is thrown on the window. 
it breaks. Explain the observaion. 


aA Us RoU HM 


9. A man is standing on a lift. If the lift moves upwards with an acceleration, will the man feel heavier or 
lighter? Explain. 


10. A boy throws a ball upwards. The momentum of the ball gradually decreases, becames zero at the highest 
point and then again increases. Is the law of conservation of linear momentum violated ? 
11. When a car suddenly starts moving, the passengers in the car leans backward ? Explin. 


12. A block of mass 1 kg is hanging from a spring balance. If the balance suddenly starts falling freely. what 
will be the reading of the.balance when it is in air ? Explain your answer. 
13. What are the differences between impulse of a force and impulsive force ? [H.S. 2003] 


14. A boy throws a ball upwards from a car which is moving with uniform acceleration. Will the ball come 
to his hand again ? Explain. 

15. Two blocks of equal mass an placed side by side on a floor. One block starts moving due to a force F 
applied on it and at the same time an impulsive force | acts on the second block. Calculate the time interval when 
the blocks will came together again. 

16. A freely falling body appears wéightless. Explain. 

17. When the passengers push a car standing inside the car, it does not move. Explain. 


18. Two balls having same volume are made of different materials. They are dropped simultaneously from 


a certain height. If air resistance be same for both the balls, show that the heavier ball will reach the ground 
earlier. 


19. Two persons are pulling a rope by applying equal and opposite force F at the two ends of the rope. Next 
one end of the rope is rigidly fixed on a wall and a person pulls at the other end of the rope by a force 2F, Will 
the tension in the rope the same both the cases ? 

20. A paratropper of mass 75 kg is falling with uniform velocity. What resistance due to air acts on him ? 

[Ans. 75 kg-wt (upward)| 

21. Two identical loads W suspended each from the middle of a strong. The strings sag due to the Jads and 
makes angle of a, and a, with the horizental (a, > az). Which of the strings is subjected to a greatef tension ? 
Explain. [Ans. 2nd string] |J.E.E. 1999| 

22. A block of mass m is suspended by a string A. At the lower end of the block another string B identical 
to A is attached. When the string B is suddenly pulled the string B snaps. But if it is pulled steadily by gradually 
increasing force, the string A breaks, Explain the observations. 


23. A body of weight 5N is suspended from spring balance. The balance is allowed to fall from a certain height. 
What will be the reading of the balance when it is in air ? 


24. One end of a long uniform chain of length L kept on a smooth table is pulled by a force F. What is the 


L-/ 
tension at a distance / from the end where the force is applied ? [ans rí L 4 ILLT. 1978] 
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25. Two ends of a uniform chain of length L are pulled by the forces F} and F, acting in opposite directions, 


Pa Past Mure 
What force will be acting on a chain at a distance / from one end. [ans Hi i ) E 1] 


26. When a bullet is fired from a gun with its butt pressed on the soulder, jerk is small than when the bullet 
is fired from the gun with the butt remaining isolated. Explain. 


27. A boat of mass M and length L is floating on water in a lake. A man of mass m walks from one end to 


ml. 
the other end of the boat. What is the displacement of the boat ? [s Ma -] 
28. State Newton’s first law of motion. How is the definition of force is obtained from it ? IH.S. 2000] 
29. What is the difference between impulse and impulsive force ? Explain with examples. |H.S. 2000] 


30. What is linear momentum of a body ? State and explain the law of conservation of linear momentum. 
|H.S. 2000] 

31. State Newton's second law of motion. Hence give the definition of force and unit of force in MKS system. 
[H.S. 2001] 


32. State Newton’s third law of motion and explain it with the help of an example. In a “Tug of war’ if both 
the parties exert a force of T dynes, what will the tension of the string 2 [Ans. T dynes] |H.S. 2002| 


33. What are the characteristics of elastic collision between two bodies ? |H.S. 2002] 
34. A body of weight W, is suspended by a-rope of weight W, from the ceiling of a room. What force the 
ceiling will exert on the rope ? [Ans. W,*W;] |H.S. 1998] 


_ 35. Two balls of equal masses moving with equal velocities strikes a vertical wall. One of the balls rebounds 
with the same velocity and the other remains attached with the wall. Which ball will exert more force on the wall ? 
Explain your answer. 


36. Two monkeys are hanging from the two ends of a rope which passes over a fixed pulley. One of them two 
monkeys starts climbing up along rope ; but the second monkey remains where it was. When the first monkey 
reaches the pulley what will be the position of the second monkey ? Assume that both the monkeys where initially 
at same height from the ground. [Hints : Both the mokeys will rise by same height] 

37. State the conservation law applicble to the motion of rockets. |J. E.E. 2001] 

38. How is the unit of force obtained from Newton's second law of motion when 1 kg is the unit of mass and 
1 ms~ is the unit of acceleration ? What is the name of this unit of force ? |H.S. 1999| 

39. A spring balance is placed on a horizontal table and each of its two ends is pulled by a force of 10 kg- 
wt. What will be the reading of the balance ? [Ans. 10 kg-wt| 

40. Kinetic energy of a body of mass m is E. Show that its momentum is y2mE . 


41. Bullet is fired from a rifle. If the rifle recoils freely, will the kinetic energy of the rifle be greater or smaller 
than the kinetic energy of the bullet ? Show by calculation. 


42. Sand is falling vertically at the rate of M kg/s on a belt moving horizontally at a speed of v ms” ! What 
additional force is required to keep the belt moving with the same speed ? 


43. A block of mass M is pulled by a rope of mass m along a horizontal frictionless surface. If a force F is 
applied at the free end of the rope, what force will be acting on the block ? 


44. A lorry and a car are moving with same momentum. They are stopeed at a distance x, and x, respectively 
by applying brakes. If the resistive force be same for both cases, which one will stop at shorter distance ? [Ans. x, «x)] 
45. In the question 44, if lorry and the car has the same energy what would be the relation between x, and x». 
[Ans. x) =] 

46. What is the fundamental difference between impulse and impulsive force ? 


47, What is partly elastic collision ? What is meant by coefficient of restitution ? Give diferent value of the 
coefficient in different types of collision. 
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48. A sphere makes a head-on elastic collision with an identical sphere initially at rest. Show that after collision 
ie first sphere will be stationary and the other sphere move with the initial speed of the first sphere. 


49. Define coefficient of restitution. Can it be zero ? 
». Essay type Questions : 


1. (a) Show that the definition of force is obtained from the first law and measurement of force from the second 
aw of motion. À 


(b) Name the different units of force in different system of units. Also define there units. 
2. What is meant by impulse of a force ? Show that the change of momentum is equal to the impulse. 


3. State the law of conservation of linear momentum and from it deduce the Newton’s 3rd law of motion. 
|H.S. 2003] 


4. What is elastic collision ? Show that in the case of elastic collision between two identical bodies, the 
colliding bodies exchange their velocities after collision. 


5. What is inelastic collision ? Obtain the expression for loss of energy during inelastic collision. 


6. A body of mass the makes a head-on elastic collision with another body of mass km initially at rest. Show 
that the energy lost by the first body will be maximum when K =1. 


7. Two particles of masses m, and m, was moving along the same straight line with velocities u and v. they 
2mm (u-v) 
Pu; Pn" 

8. Two perfectly elastic dises A and B are placed on a smooth horizental plane. Mass of one disc is K (imés 


the other. The disc A is given a velocity u towards B and they make a head-on collsion. Calculate the fraction of 
kinetic energy of A transferred to B. 


collide elastically. Show that second particle receives momentum of amount from the first particle. 


9. (a) Two bodies of different masses have same kinetic energy. Which one has greater momentum ? Explain. 
i {H.S. 1997] 
(b) Two bodies of diffeent masses have same momentum. Determine which one has greater kinetic energy. 


10. A ball is dropped from a height A on a horizontal floor. If the coefficient of restitution be e prove that the 
2 


1 
body will describe a total distance of = -h before it stops. [H.S. 1993, 1997] 


11. (a) Explain the principle of action of rocket and jet plane. 
(b) What are the basic difference between a jet plane and rocket ? 
(c) A jet plane can rise to a greater height than a propeller plane. Explain the reason. 


12. A bomb explodes into two parts of mass M and m. If E be the energy of explosion. Calculate the energy 
of two parts. 


13. (a) How can you obtain the law of conservation of linear momentum from Newton’s third law of motion? 
(b) Why does a rifle moves backward as soon as a bullet is fired from it. Calculate the recoil velocity of the rifle. 
14. (a) Explain the difference between impulse of a force and impulsive force with examples. 

(b) Obtain a relation between impulse and momentum of a body. 


15. A ball is dropped from height / on a horizontal floor. If e be the coefficient of restitution between the ball 
and the floor. Show the ball with stop after the time t= aie 
g l-e 
16. The mass of one of two perfectly elastic discs A and B is times the other. they are kept on a smooth surface. 
‘The disc A is driven with a velocity u so that it encounters head-on collision with B. Determine what fraction of the 
kinetic energy of A is transferred to B. Show that whether the mass of A is k times that of B or the mass of B is k times 


4k 
that of A, the magnitude of the above fraction will remain unchanged. E (k+ z |H.S. 2002] 
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C. Siniple Problems : 


1, A lift is ascending with an acceleration a. A person standing on the lift throws a ball vertically upwards with 


$ f : : t 
a velocity v relative to the lift. If after a time 1, the ball falls back in his hand, shaw that v (a 8)5 , when g is 


the acceleration due to gravity. [H.S. 2003] 


2. A car of mass 100 kg is moving witha velocity of 2ms"! what force is to be applied to stop it within 
10m ? [Ans. 20 N] [H.S. 1982] 
3. A body of mass 5 kg is moving with a velocity of 10 ms-!. What force is required to stop it in 20 sec ? 
[Ans. 2:5 N] [H.S. 1997] 
4. A block of mass 0-12 kg is moving with a velocity of 10 ms~!. Calculate the magnitude of the opposing 
force to stop it in 0:2 sec ? What is the impulse of the force ? [Ans. 6N ; 12 kg-ms!] 
5. A toy train has three similar compartments A, B and C. The train is pulled by a constant force F. What the 
ratio of the tension acting on the string connecting A and B and the tension on the string connecting B and C ? 
[Ans. 1 : 2] 
6. Two blocks of masses 25 kg and 15 kg are placed side by side on horizontal floor. 15 kg block is pushed 
horizontally by a force of 80 N. What is the acceleration of the blocks ? What force acts at the surface of contact? 
[Ans. 2ms~? ; 50 N] 
7. A man of mass 50 kg is descending with uniform velocity with a parachute. What is the net force acting 
on-the man ? Calculate also thrust due to air. [Ans. 0: 50 kg-wt] 
8. The mass of a carriage with a gun on it is 500 kg. A shell of mass 10 kg is fired from the gun with a velocity 

of 20 ms-!. If the resistence to the motion of the carriage be 1/10 of its weight, calculate its distance of recoil. 
[Ans. 816 cm] [H.S. 1982] 
9. A man of mass 60 kg is standing on a lift. What is the effective weight of the man when the lift is (i) moving 
upwards with an acceleration of 4. 2 ms~, (ii) moving upward with uniform velocity ; (iii) moving upward with a 
retardation 49 ms? ? g = 9:8 ms? [Ans. (i) 90 kg-wt, (ii) 60 kg-wt, (iii) 30 kg-wt] [J.E.E. 1982] 
10. A cricket ball of mass 0:3 kg was moving with a velocity of 0:4 ms-!. It is hit by a bat and then it moves 
in opposite direction with the velocity of 06 ms-!. What impulse acts on the ball ? If the ball was in contact with 
the bat for the time of 0:01 sec, calculate the force acting on it. [Ans. 0:3 kg-ms~! ; 30 NJ 
11. A body mass 2 kg is allowed to drop from a height of 60 m. It falls on the ground and penetrates 0.6 m 
into sand before stopping. Calculate average force of the ground ? g = 98 ms? [Ans. 19796 N] 
12. From a rocket of mass 13500 kg the exhaust gas is coming out of the nozzle at the rate of 145 kg/s. IF 
the velocity of the exhaust gas is 1500 ms:!, calculate the upthrust in the rocket ? [Ans. 21:75x104N] 


13. A force F= (íoi« 3/)N acts on a body of mass 10 g. If the body initially be at the origin, determine the 


position of the body after 5 sec. [Ans. r= (usi 6250) Jn | 


14. A water pipe of area of cross section 25 cm/s is throwing water horizontally. This water strikes a vertical 

wall normaily. If after impact the water flows parallel to the wall, calculate force exerted on the wall. 
[Ans. 25x10? dynes] 
15. A body of mass 1 kg moving with a velocity of 10 cm s^! has a head-on collision with another body of 
mass 0:5 kg coming along the straight line from opposite direction with a velocity of 5 cm s~!. If after collision they 
move as a single body, calculae (i) velocity of the combined mass and (ii) ratio of initial and final kinetic energy 
of the bodies. [Ans. 5 cm™!: 1:3] 


16. Two sphere of masses 0:5 kg and 0-1 kg are moving towards each other inthe same line with velocities 
2:0 ms! and 1:0 ms! respectively. If they collide elastically, calculate their velocities after collision. 
[Ans. 10 ms! ; 4 ms'!| 
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17. Two balls of masses 10 kg and 4kg are moving in the same direction with velocities 10ms~! and Sms“! 
along a straight line. Find their velocities after collision if the coefficient of restitution is 0.6. Also calculate the loss 
of energy in the process. [Ans. v, 777 ms, v, = 107 ms“! ; AE = 22:86 J] 

18. A man of mass 60 kg standing in a lift is descending with an acceleration 4 cm s?. What force the man 
will exert on the floor of the lift ? If the lift ascends with the same acceleration what reaction force will the man 
experience ? With what acceleration will be lift move downwards so that the man will feel weightless ? g — 980 
cm/sec?, [Ans. 59755 kg ; 6024 kg ; 9:8 ms] HS. 2001] 

19. A bomb explodes and breakes into three pieces. Two pieces each of mass 200 g move with velocity 100 ms ! 
in two directions making 120? with each other. Calculate the magnitude and direction of velocity of the third part. How 
much energy is released due to explosion. [Ans. 40 ms! at 120° with the first and second piece ; 2400 J] |J.E.E. 1973] 

20. A block is suspended by a string. When the string is pulled upwards with an acceleration of 2 ms~?, the 
tension in the string becomes equal to half of breaking load. With what acceleration the string be raised so that it 

will break ? : [Ans. 13:98 ms?| 
21. A jet of water of cross sectional area a = 6 cm? and moving with a velocity of 12 m/s strikes a wall at 
an angle of 60° and rebound with the same velocity. How much force is exerted on the wall ? — [Ans. 864 N] 


22. A ball flying at a velocity of v, — 15 ms"! is thrown back by a racket in opposite direction with a velocity 
of v) = 20 ms, Find the change in momentum of the ball if the kinetic energy changes by AE — 875 Joules. 
[Ans. 3:5 kg ms!] |J.E.E. 1984] 
23. A truck of mass 2000 kg is pulling a carriage of mass 3000 kg by a chain. Frictional force between the 
road and the truck is 1000 N and that between the road and the carriage is 2000 N. If the pull of the truck be 8000 
N, calculate (i) acceleration of the carriage (ii) tension in the chain connecting the truck and the carriage. 
[Ans. (i) 1:25 ms, (ii) 5750 N] 
24. A train is moving on straight horizontal rails. A pendulum suspended from the ceiling of the carriage makes 
an angle of 45° with the horizontal. What is the acceleration of the train ? (g = 9:8 ms?) [Ans. 98 ms ?] 
25. A body of mass m moving with a velocity v towards east collides with a body of same mass m and moving 
with the same velocity v towards north. After collision they combine together and move as a single body. What will 


be the velocity and direction of'motion of the combined mass ? [Ans. v/ V2 (North-east)] 
26. A boy of mass 20 kg is climbing up along a vertical rope. If the breaking load of the rope be 25 kg-wt. 
with what maximum acceleration the boy can climb along the rope ? [Ans. 25 ms ?] 


27. Two blocks each of mass 10 kg are connected by a rope of length Im and mass 1kg and area placed on 

a horizontal table. If the blocks are pulled horizontally by a force of 63N what is the tension at the middle point 
of the rope ? [Ans. 31-5 N] 
28. A light rope connected with a block of mass 4 kg placed on a horizontal table, passes over a pulley fixed 

on the table. At the lower end of the string another block of mass Ikg is hung. Calculate the acceleration of the 
system and tension in the string. g = 10 ms~. [Ans. 2 ms? : 8N] 
29. A ball is dropped from a height of 6 m on a plane surface. If the coefficient of restitution between the 
surface and the ball be e — 0:5, calculate the total distance travelled by the ball before it comes to rest. [Ans. 10m] 
30. A train is moving with a velocity of 72 km/hr. Suddenly a carriage of mass 5000 kg is detached from the 

train. If the detached carriage stop in 10 sec, calculate the resistance to motion of the carriage, [Ans. 10.000 NJ 
31. A disc of mass 10 g is kept floating horizontally by throwing 10 marbles per sec from below cach of mass 

5 gm with equal velocities. Calculate the velocity of each marble. Assume that each marble rebounds with same 
velocity after impact. [Ans. 098 mst] [LLT. 1972] 
32. A bullet of mass 0:02 kg is fired from a gun of mass 5 kg. the bullet starts moving from one end of the 
barrel of length 0:8 m and leaves the barrel with the velocity of 200 ms-! calculae (i) time after which the bullet 
leaves the barrel and (ii) recoil velocity of the gun. [Ans. (i) 0:008 s, (ii) 08 ms '] 
33. Two blocks of masses 10 kg and 5 kg are connected by a light string and are placed on a horizental table. 

The heavier block is pulled by a force of 15N. Calculate (i) acceleration of the system and (ii) tension in the string. 
[Ans. 10 ms? : SN] 
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34. A body of weight W is raised to a height H from rest by a rope. If the rope can bear maximum tension 


(x-Dg 
35. A rocket burns fuel at the rate of 50 kg/s. If the gas emerges from the rocket with a velocity of 50 km s !, 
calculate the thrust experienced by the rocket. [Ans. 25x105 NJ 
36. A particle of mass m makes head-on collision (elastic) with a particle of mass 2m which is initially at rest. 
Show that the coilliding particle loses 8/9th of its energy after coillision. |J.E.E. 2003| 
37. A balloon is rising upwards with an acceleration of 10 ms-!. When the height of the balloon from the 


ground is 125 m, a paratrooper jumps from it. The parachute open after 3 sec. Now, the man descends with a 
retardation of 5 ms"?, Calculate the velocity when he touches the ground. [Ans. 10 ms '] 


of xW, calculate the time required to raise the body to that height. E t= th | 


38. A small body A of mass 10 gm while moving with a velocity of u Tihi 6k collides inelastically with 


another small body B of mass 20 gm which is moving with a velocity of u, — and combine together. Calculate 
the velocity of the combined mass. [ans ve(ie2i-24) |J.E.E. (Tri) 1999]: 


: -K Ww 
39. A particle of mass 10? kg is moving along x-axis under a force of F(x) =>5(K= 10 ÎN m). At 


t = 0, the position of the particle is at x = 1-0 m and is at rest. When x = 05 m what will be the velocity of the 


1 [ans v= lioi ms ' 
particle. 2 v2 j 


40. A shell of mass 5 kg is fired from a gun with a velocity of 280 ms-!. If the mass of the gun 2000 kg and 
resistance to recoil be 700 N. Calculate the distance through which the gun recoils. [Ans. 70 cm] 
41. A pile driver of mass 700 kg is dropped from a height of 5m on a pile of mass 100 kg. If the pile penetrates 

3m into the earth, calculate (i) the velocity of the combined mass just after impact, (ii) resistance to motion of the 
pile. [Ans. (i) 875 ms-, (ii) 18208 kg-wi] 
42. A cricket ball of mass 200 g rises to a height 26 m. When it is falling, it is caught by a player at a height 

of 1:5 m above the ground. If the ball comes to rest within a time interval of 0*1 sec. calculate (i) velocity of the 
ball. when it is about to fall on the hands of the player and (ii) average force on the ball to stop it. g = 98 ms? 
[Ans. (i) 21-91 ms"! ; (ii) 43:8 N] 

43. When a train moves with an acceleration, a pendulum suspended from the ceiling of a compartment makes 

an angle of 10? with the vertical. Calculate the time taken by the train to travel a distance of 10 km. tan 10° = 0:176 


[nins = un 10;a =1:73 wl fans e 
g 
44. A light ball falls from a height of 9-8 m on a horizontal floor. After two 


1 
collisions the ball rises to T6 of the initial height. Calculate coefficient of restitution. 


i 10 cm Determine also the distance it will travel before coming rest. [Ans. 0:5 ; 16:3 m] 
zi 45. Show by the principle of conservation of linear momentum and energy that 
during head on elastic collision between two bodies of masses M and KM the first 

B body loses its maximum energy when K = 1. 


46. A small ball A slides down a quadrant of a circle of radius 10 cm hits the 
ball B of equal mass which is initially at rest. Find the velocities of both the ball after 
Fig. 9.39 collision. Neglect friction and assume the collision to the elastic. 
idi [Ans. 0 ; 14 ms] [J.E.E. 2003] 
47. The masses of a man, a gun and a bullet are 75 kg, 5 kg and 10 g respectively. The bullet. is fired from 
the gun at an initial speed of 100 ms-!. Calculate the recoil velocity of the gun only and that of the gun and man 
together. [Ans. 02 ms-! ; 12:5x10? ms] [J.E.E. 2004] 
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D. Harder Problems : 


1. When a force of 30 N acts on a body of mass 5 kg, its velocity becomes half of its initial velocity. During 
this time the body travels a distance of 9 m. What is the initial velocity of the body ? Calculate the time for which 
the force was active. [Ans. 12 ms! : 1 see] 


2. A spaceship explodes in flight into three equal portions. One portion continues along the original line of 
flight. The other two go off in direction, each inclined at 60° to the original path. The energy released in the explosion 
is twice as great as the kinetic energy possessed by the ship at the time of explosion. Determine the kinetic energy 


of each fragment immediately after explosion. [Ans E= +E» E, =E, -$E where E, = initial Ke] |J.E.E. 2000] 


3. Two bodies each of mass m are at a separation x. One body is driven towards the other by an impulse | 
and at the same time the second body is applied a force F in the same direction. Show that if I? < 2Fmx then the 
bodies will never meet each other. 


4. A body of mass 50 kg is projected vertically upwards with a velocity of 100 ms~!. After 5 sec it explodes 
into two pieces. The part of mass 20 kg moves upward with a velocity of 150 ms-!. What is the velocity of the other 
part ? Calculate the total momentum of the two parts after next 3 sec. Show that if there were no explosion, the total 
momentum would remain same. [Ans. 15 ms“! (downwards) 1080 kg ms-!] |J.E.E. 1990] 


5. A 50 g bullet travelling with an initial velocity of 400 ms-! penetrates into a well with an average force of 
4x104 N. It goes out of the wall with a velocity of 50 ms-!. What is the thickness of the wall ? Another bullet of 
lower mass but travelling with the same velocity and exerting the same force cannot go out of the wall. What is its 
maximum mass ? [Ans. 9:84 cm ; 492 gm] |J.E.E. 1990] 

6. A pile of mass 100 kg is driven into the ground by a pile driver of mass 400 kg. The driver falls from a 
height of 5m and the pile penetrates into the ground by 5 cm. What is the resistance of the ground ? Assume thc 
resistance of the ground to be uniform. [Ans. 32000 kg-wt| 


à 


7. A lift is moving upward with an acceleration *a'. A man inside the lift throws a ball upwards with a velocity 
2 
V relative to the lift. The ball returns to the hands of the man after a time t. Show that 4 +g ad 


8. A body of mass m, is suspended by a string of length / from a rigid support. The mass is pulled aside to 
a height h and then released. At the lowest point the body strikes another body of mass m, by another string of same 
length and from the same point. If the collision be ‘perfectly inclastic to what height their centre of mass will rise. 


Pe) 


9. A bullet of mass 5 gm moving horizontally with a velocity of 300 ms-! strikes a block of mass 1 kg which 
is suspended by a string of length 2m. As a result the centre of gravity of the block rises by 0:5 cm. Calculate the 
velocity of the bullet when it leaves the block. [Ans. 237 m*'!| 


10. A ball of mass 100 g is projected from the ground vertically upwards with a velocity of 49 ms-!. At the 
same time another identical ball is droped along the same vertical line from a height of 98 m. After sometime the 
balls collide and combine together and ultimately the combined mass reaches the ground. Calculate the time of flight 
of the two balls. [Ans. 6553 sec] |.I.T. 1985] 

11. A block of mass 1-5 kg is hanging from one end of a string of length 55 cm. A bullet of mass 10 g moving 


with a velocity of 400 ms"! at an angle of 30° with the horizontal strikes the block and sticks to it. What is the angle 
of deflection of the block. [Ans. 0 = cos! (0:51)] 


12. A train of mass M is moving along a horizontal line. Suddenly the last compartment of mass m becomes 
disconnected. The driver of the train comes to know of it after travelling a distance / and immediately stops the 
engine. If the resistance to motion of the train be proportional to mass of the train show that when the compartment 

f Mi 
and the rest of the train comes to rest, separation between the two be Mane Assume that pull of the train was 


constant. 
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13. Three balls A, B, C of masses mj, m,, m, respectively are placed in a straight line at rest. Ball A now moves 
with velocity u}, along the straight line and strikes ball B head-on, after which ball B moves with velocity u, along 
a line and in turn strikes ball C which now moves with velocity u}. Assuming elastic collisions, show that, if m, 
is much greater than m, and m, is much greater than m», then : would be approximately 4u}. Is this value greater 
or smaller than the velocity acquired by ball C if ball A were to collide with it directly ? 

[Ans. 2u, or half] |J.E.E. 1992] 

14. A block of mass 1 kg is placed on a smooth inclined plane of inclination 30° and a string fixed with the 
block passes over a smooth pulley fixed with the plane. From the other end of the string another block of mass 2kg 
is hanging vertically. Calculate the acceleration of the system and tension on the string g = 9:8 ms?. 

[Ans. 098 ms? ; 1:814 kg-wt] 

15. A ball moving with a velocity of 9 ms"! strikes a similar ball initially at rest. After collision both the balls 
move in the directions making an angle 30° with the initial direction. (i) What are the velocities of the two balls 
after collision ? (ii) Is energy conserved in this case ? [Ans. (i) 343. ms“! ; 343 ms”, (ii) No.] [LLT. 1975] 

16. A block of mass m, is placed on a car of mass M. A string connected 
to the block m, passes over a pully fixed at one end of the car. From the other 
end of the string another block of mass m, is suspended [Fig.9.40]. What 
horizontal force F be applied on the car so that the blocks remain stationary 

m (m +m + M)g 
with respect to the car ? [ans Es POUR EXEAT 
[Hints : If ‘a’ be the acceleration and T be the tension, then 

F 


m +m, +M 


s ‘M is stationary with respect to M. So T, a and 
> Pub o 
sa SEMA = m8 \6 Kg 

17. A light pulley is fixed at the ceiling of a lift. A light string passes 
over the pulley. At the two ends of the string two blocks of masses 4 kg and 
3 kg are suspended [Fig. 9.41]. Lift is moving downward with an acceleration 
of 4:0 ms? with respect to the shaft, Calculate : (i) Acceleration of 4 kg block 
with respect to the shaft and with respect to the lift. (ii) The force exerted by 
the pulley on the ceiling of the lift. 
[Ans. (i) 0:83 ms~?; 4:83 ms? (ii) 14:89 N] 


[Hints : m (a, +a)-T= mg; m (a 7a) - T- mg] 


T=mg `. ma = mg 


Fig. 9.40 


-"18. A rocket of mass 6000 kg is kept ready for launching. If the velocity 
of the exhaust gas be 1000 ms~!, what mass of gas be exhausted per sec so that 
(i) the thrust required for launching of the rocket is produced, (ii) the upward 
thrust required to project the rocket with an acceleration of 19:6 ms?? 

[Ans. 58:8 kg s~! : 1764 kg s~!) 

19. A ball moving with a velocity of 50 m/s collides elastically with another identical ball initially at rest. After 

collision the first ball moves with a velocity of 30 ms~!. Show that the two balls more in two mutually perpendicular 
direction after collision. 


20. A pipe of area of cross section 100 cm? is throwing water with a velocity of 20 cm s ^. This water jet strikes 
a walls normally. If the water after inpact moves parallel to the wall, what force is exerted on the wall ? [Ans. 0:4 NJ 

21. A string passes over a smooth and light pulley and at its two ends two bodies of masses m and 2m are 
attached. Initially the length of the string on both sides of the pully were equal and the bodies were at a height of 
13:08 m from the ground. After the release of the bodies when the first body is 654 m above the ground. calculate. 
the velocities of the two bodies. If the string is cut at the moment, calculate the times when the two bodies will reach 
the grand. [Ans. 654 ms-!; 277 sec, 067 sec] [LI.T. 1974] 
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22. In the system shown in figure 9.42, show that the acceleration of the 6 kg block is 8/17 g. 
23. A force is applied to a small body of mass.m at angle 0 with the e 
horizontal. The force varies with time according to the relation F — kt where E 
k is a constant and ¢ is time. Calculate (i) the time when the block will lose 


contact with the ground and (ii) its velocity at that instant and (iii) its 
acceleration af that instant. 


2 2,3 
r mg ga mg cos® ... mg cos hn 
Ans. (i) f= - (ii) V = (iii) S= 
| K sin 2K.sin? 0 6K? sin^0 H-E:E. 1990] 
24. A machine gun fires 180 bullets per minute on a steel plate. Each 
bullet has a mass 20 g and velocity 1 km/s. The bullets return with half their 
velocity after hitting the steel plate. What force is necessary to hold the plate? 4 Kg 


[Ans. 90 N] [J.E.E. 1997] 2 Kg 


- 25. A car carries sand of mass M = 2000 kg. The car is set into motion 
on a horizontal road by a force of 100N. Now sand is falling out through a 
hole at the rate of my = 0:2 kg/sec. What will be the velocity of the car after 
30 min. [Ans. 992 ms:!] 


Fig. 9.42 


A ; M 
[Hint : mass of sand after £ sec, m = M — mgt. ES (Me mel dv= : 
t M- mt 
26. The velocity of a particle at ¢ +0 is v = vo. These acceleration of the particle changes according to the 
relation a a v. isa negative consant. After what time and at what distance the particle will stop ? 


dt . Next integrate] 


[Ans t= 2 Voi s= 2 ge 
a 3a. 

27. At the time of launching of a rocket its mass is 15000 kg. It is projected vertically upwards; When all th 
fuels are burned out, the weight of the rocket becomes 5000 kg. If the burned gas comes out of the rocket at th 
rate of 5 kg s^! with a velocity of 1700 ms-! then calculate : (i) up thrust on the rocket (ii) Final velocity of th 
rocket at the moment the fuel is exhausted, [Ans. (i) 8500 N; (ii) 1:87 kms’! 


moo: 


n j dm... dv dm 
[ins (i) F= RS (ii) Ej, = Ira Dela Here E, = a 


28. A bar of mass m resting on a smooth horizontal plane starts moving due to a force F=1/3 mg of constant 
magnitude. In the process of its rectilinear motion, the angle 0 between the direction of this force and the horizontal 


| 28. 
varies as 0 = Ks where K is a constant find the velocity of the bar as a funciton of angle 0. |an s (32 in Ü 


FRICTION 


TOPICS : Friction ; Different types of friction ; Static friction ; Kinetic friction ; 
Laws of friction ; Rolling friction ; Advantages and disadvantages of friction ; 
Different methods of minimizing friction ; Examples. 


10.1. Introduction : 


In nature we come across different types of forces. They are : (i) Mechanical force, (ii) Frictional 
force, (iii) Gravitational force, (iv) Electrical force, (v) Magnetic force and (vi) Nuclear force. 


The force exerted by active or living objects is a mechanical force. So it is the force exerted by 
human. beings, animals, engines and springs. Frictional force comes into play when a body move over 
the surface of another body. Evidently, the mechanical and frictional forces are contact forces. Here the 
body exerting the force comes in contact with the body experiencing the force. 


All other forces mentioned above act at a distance. The body exerting one of these forces need not 
come into actual contact with the body on which the force is exerted. 


Any two particles in the universe attracts each other. It is the gravitational force which acts at à distance. 


The force between charged particles is electrical and that between magnets is magnetic. It is to be 
noted that, these forces are not independent. Because — when charges are in motion (i.e. current) a 
megnetic field is produced and changing magnetic field produces electric field. In fact, electric and 
magnetic forces are two facets of more general electro-magnetic force. 

Nuclear force is the force effective between the nucleons inside a nucleus. This is a short range 
strong force. Nuclear force is most strong and gravitational force is most weak. 


10.2. Friction : 


Suppose a block of wood is on a table. It is given a push. It moves a certain distance and then.stops. 
According to Newton's first law, the block should have continued to move in straight line with uniform 
velocity. But this does not happen in reality. From Newton's second law it follows that a retarding force 
must be acting on it as it moves. 


This opposing force is always tangential to 
the surfaces in contact. This force is called F i: 
frictional force between the surfaces in contact. Ec pe epe gos deitas ont o ios 
Hence, frictional force (or simply friction) is a s 
force which acts opposite to the direction of (a) ; (b) 
motion or which always resists the tendency to Fig. 10.1 
create relative motion between two bodies. In fig. 10.1, a block is placed on a table. F is the applied force 


and Fs is the frictional force. In fig. 10.1(a), the applied force is from left to right and frictional force 
acts towards right. Opposite is the situation in fig. 10.1(b). 

10.2.1. Origin of Friction : 

Friction is a surface phenomenon. The surfaces of bodies are never perfectly smooth. Little 
prominences and hollows are always present on the surfaces. Even a highly polished surface, when 
viewed under a microscope is found to the full of such irregularities. When two bodies come in contact, 
the prominences of one are interlocked with the hollows of the other [Fig. 10.1(a)]. When a force is 
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applied on the body to make it slide over the surface of the other, the relative motion is resisted due to 
interlocking of the surface irregularities and an opposing force is developed. It is the force of friction. 
With increase of applied force, the resistive force increases. 

Also, the adhesive force which is the force of attraction between the 
molecules of the surfaces in contact, give rise to opposition to the relative 
motion. Evidently the forces of friction originates due to two reasons : 

(i) surface prominences and hollows or surface irregularities. 

Fig. 10.1(a) (ii) adhesive force between the molecules of the two bodies in contact. 

Frictional force decreases with the increases of smoothness of the surfaces. If a ball is pushed by 
the same force on rough floor and on a smooth floor, the ball can move over a longer distance on the 
smooth floor than on the rough floor before it comes to rest. So the frictional force depends on the nature 
of the surfaces in contact. 

10.3. Different types of friction : 

Depending on the nature of motion of a body, friction is divided into three categories : 

(i) Static friction, (ii) Kinetic friction and (iii) Rolling friction. 

Static friction and kinetic friction together are called sliding friction. 


When a body slides or tends to slide over the surface of another body the forces of 1 “tion opposing 
the motion are called sliding friction. 


* Static friction : It is a part of sliding friction. A force is applied to a body, but it does not move. 
It means that the body has a tendency to move over the surface, but actually no relative motion is 
produced, the existing frictional force is called static friction. 


* Kinetic friction : It is also a kind of sliding friction, when a body moves over a surface due to 
an applied force, Here one body is in relative motion with respect to the other surface, the frictional force 
that exists between the surface is called kinetic friction. It is also called dynamic friction. 

10.4. Static friction and its limiting value : 


It is a type of sliding friction which exists at the surface when the body has a tendency to move over 
the second surface. 


In order to get. an idea about the nature of the static R 
friction and to find the laws of sliding friction we consider 
a simple experiment. A block of weight W is placed on the 
surface of a horizontal table [Fig. 10.2(i)]. Two forces 
are acting on the block-table system. They are — ud 


(i) Weight of the block (W) (acting downward) 


(ii) Normal reaction (R) exerted by the table on the © Fie. 102 (ii) 
block (acting upwards). idco 


There two forces are equal and oppositely directed (W = -R). So they balance each other. The block 
does not move. It remains stationary. 


Now, a string is attached with the block. The string passes over a pully fixed at one end of the table. 
The other end of the string carries a pan as shown in fig. 10.2(ii). Now if we place a small mass in the 
pan, a horizontal force T acts on the block. But the block does not move. The reason is : at the interface 
between the table and the block a frictional force F is produced. It is equal and opposite to the applied 
force T. So F completely balances T. So the block does not move. Only so much force of friction is called 
into play as is sufficient to balance the applied force. These forces are equal and opposite. 
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Now, if we add more weight on the pan, the block still does not move. The force of friction 
increases accordingly to balance the increased applied force. If the weight on the pan is gradually 
increased, a stage is reached when the block just begins to slide over the horizontal table. 


It is clear from the experiment that, with the increase of the applied force T, the frictional force also 
increases by the same amount and balanes T. But there is a limit to the increase of the frictional force. 
The static frictional force rises upto a maximum value. Beyond this maximum value frictional does not 
increase, although the applied force is increased. This maximum value of the static friction is called 
limiting friction. Evidently upto a certain value of the applied force, the frictional force is self-adjusting. 
It adjusts automatically to the applied force. 


In fact, inspite of the force applied to a body, it does not move because the frictional force just 
balances the applied force. So, before the motion is created on the body, the frictional is equal to the 
applied force. 


e Definition of Limiting friction : It is the maximum value of the static friction when a body 
kept on a surface is about to slide due to the applied force. 


The value of limiting friction depends on.the nature of the surfaces and the weight of the body. 
When the applied force exceeds limiting friction, the body will start moving on the surface of another 
body. 


* Characteristics of static friction : 
(i) The limiting value of the static frictional force depends of the nature two surfaces in contact. 
(ii) The limiting value does not depend on the area of contact. 


(iii) Limiting friction depends on normal reaction. If the normal reaction increases, the limiting 
friction also increases. 


Experiment : (A) If the normal reaction between 
two bodies does not change, the limiting frictional force 
at the surface of contact remains constant. It also does 
not depend on area of contact, It can be shown by the 
following experiment. In fig. 10.3(i), a wooden block of 
weight W is on a table. Due to the force T acting on it 
the body is about to move. Fs the limiting friction. So, Fig. 10.3 
Fo Sie 

Now, the block is placed on the table vertically with the’smaller face on the table as in fig. 10.3(ii). 
The area of the smaller face is half of the larger face. It is found that when the applied is again equal 
to T, the block is about to slide. It means that limiting friction remains same as before, so, the limiting 
friction is independent of area of contact. 


(ii) 


* (B) In fig. 10.4(i), two wooden block each 
of weight W are placed on the table one above 
the other. Now, it is found that when the applied 
2F, OT 2E. 2T force is 2T the blocks are about to slide. Evidently 

the limiting friction is 2Fs. So, when the normal 

2W reaction is doubled the limiting friction is also 

Ww w doubled. On adding another block the force will 

be found to have tripled and so on. So the 

(i) (ii) frictional force thus increases proportionally with 
Fig. 10.4 the upward force or the normal reaction. 


2R R R 
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unchanged, the maximum value of friction between two surfaces remains constant. 
10.5. Kinetic friction 5 


In fig. 10.3 when the applied force T is slightly greater than the limiting friction the block begins 
to move. It is found that application of force slightly smaller than the limiting friction is able to maintain 
it in uniform motion. 


Since during uniform motion, net force on the body is zero, we conclude that when the body actually 
slides the force of friction falls slightly to a smaller value and it remains practically constant, The new 
frictional force F, is called Kinetic friction. Hence, 


If the applied force is increased further, the body moves with increasing acceleration and the 
frictional force remains almost Constant. In fig. 10.5 we see how the frictional force has increased as the 
applied force gradually increases. From the graph we see that : 


(i) Static friction increases Proportionally with the applied force, It 
t nae | ; is represented by the straight line OA. 


(ii) When the applied force is just equal to OB, the body starts its 
motion. So the limiting friction AB — Fs 


(iii) When the body starts sliding, the frictional force decerases 
slightly. It is kinetic friction F,. Now, the friction force — applied force 
graph (F, — F graph) is parallel to applied force axis. 


B 

— F 
Fig. 10.5. (iv) Kinetic friction is slightly less than limiting friction. 
10.6. Laws of friction : 


one surface exerts on another. 
If F, be the limiting friction and R be the normal reaction we write, 
E ECL R SS E) NEM (10.1) 


Here u, is a constant. It is called coefficient of static friction. The value of u, depends on the nature 
of the two surface in contact and does not depend on area of contact. 


i : t F, 2 ; 
Definition of H, : From equation (10.1), we write, 1, wae So, the coefficient of Static friction is 
the ratio between the limiting friction and normal reaction. 


When a body actually slides over another surface, the frictional force is now kinetic friction (F,). 
From the third law of friction, F, = H R. 


H is known as coefficient of kinetic friction. Both H, and p, are the ratio of two similar quantities. 


‘normal reaction and O is the apex of the Fig. 10.6 
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So they have no units. Approximate numerical values of the two coefficients of friction between different 
surfaces are given in the following table. 


Steel on steel 


Steel on glass 


Steel on wood 

Wood on wood 

Glass on leather 

Rubber tyre on concrete road 


e The value of the coefficient of friction is generally less than 1. In some special case its value may 
be equal to 1 or even greater than 1. In vacuum, the coefficient of friction between two smooth metal 
surfaces is greater than T — under these conditions u, = 1:6 for copper. 


10.7. Angle of friction and cone of friction : 


© Angle of friction : It is the angle which the resultant of normal reaction R and limiting friction 
F, makes with the normal reaction. In fig. 10.6, Fp is the resultant of normal reaction R and limiting 
friction F, Fp makes an angle A with the normal reaction. Hence A is the angle of friction. From the 


Fc eR 
figure, tan harip n dace tar (b) dd. nerd d (10.2) 


Hence coefficient of static friction is the tangent of the angle of friction. 


* Cone of friction : In fig. 10.6, the 
body due to the applied force F on it is in 
limiting condition and F, is the limiting 
friction. In the same plane if the direction 
of the applied force is changed, the 
direction of F, and Fp also change. If the 
direction of F ving ^ the same plane) is 
continuously changed, the resultant Fp lies 
on the surface of a cone whose axis is the 


cone [Fig. 10.7]. The cone generated is 
called cone of friction. 

10.8. Angle of repose : 
Definittion : It is the maximum angle of inclination 


of an inclined plane with the horizontal when a body placed 
on it is about to slide down the plane. 


In fig. 10.8, a block A is placed on an inclined plane B 

whose angle of inclination can be varied. When the angle of 
7 inclination is small, the frictional force prevents the downward 
ES Fig. 10.8 motion of the body: So the body does not fall. Now, the angle 
of inclination is gradually increased, the limiting condition is 

reached when the block A is about to slide downwards. The particular angle of inclination (9) is called 
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angle of repose. At the limiting condition different forces on the block are shown in fig: 10.8. Considering 
the equilibrium of the block 


W sin 0 =F, and W cosO- R stand = 22 Et sy, stage oe nS (10.3) 


‘So, the coefficient of friction is the tangent of angle of repose. 
Again from the equation (10.2) and (10.3) we get 9 — 
^ angle of friction and angle of repose are equal to each other. 


Example 10.1. : A minimum force of 25 g-wt is required to make a body of mass 100 g move 
on a horizontal floor. But a force 20 g-wt is required to maintain its motion with uniform velocity. 
Calculate (i) Coefficient of static friction and (ii) coefficient of kinetic friction. 


If a force F = 15 g-wt is applied to the body what is the frictional force. 
Solution : Normal reaction R = mg and limiting friction, F, = p,R =p,mg 


() ^n oF m=100 g 
mg F,=25 g 
= 228 20.25 Fk = 20g 
100x g 
E 20xg 
(ii) Ue 100x g 


(iii) In this case the body does not move. So the frictional force is equal to the applied force. 
*. Frictional force = 15 g-wt. 


Ex. 10.2. : A body of weight 20 N is on an inclined plane of inclination 1 : 2. If the coefficient 
of friction is 06, what is the static frictional force ? 


Solution : Here sin 0 - 4 0230 — p 20-6, mg -20N 


the static frictional force on the body is F, = ui mgcos 0.-0-6x20xcos30?- 10-4N 
10.7. Acceleration of a body falling down a rough inclined plane : 


A body of mass m is placed on an inclined plane whose angle of inclination is 0. As this angle 0 
is greater than the angle of repose for the body, it will slide downward with an acceleration. The different 
forces acting on the body is shown in fig. 10.9. the different force are : 


ÉL (i) Weight of the body W : Its two components are W cos 0 and 
W sin 0. W cos 0 is perpendicular to the plane and W sin 8 along the 
plane downwards. 

(ii) Normal reaction R exerted by the plane on the body. 


9 (iii). Kinetic frictional force, F, = HęR acting E the plane 
upwards. 


If ‘a’ be the acceleration of the body then the equation of motion 
of the body is 


ma=W sin 09 F, [W = mg] 
-mgsin 0— p mg cos 0. [^ R = mg cos 0] 
^. a g(sin 0— cos 0) 


Fig. 10.9 
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nd with an initial velocity of 14 ms^! stops after travelling 
nd? g - 98ms^ 
|J.E.E. 1997] 


Ex. 10.3. : A body moving on the grou 
a distance of 50 m. What is the coefficient of friction between the body and the grou 


Solution : Work done against friction = initial kinetic energy 
vi (ip 

2g% — 2x9.8x50 - 
Ex. 10.4. : The time taken by a body to descend a certain distance along a rough inclined plane 


of inclination 0 = 45° is 6 times more than the time taken by it to descend the same distance along 
the same plane when it is smooth. Calculate coefficient of friction between the body and the plane. 


Solution : When the inclined plane is rough, the acceleration down the plane is 


a, = g(sin 0- p cos 0). The time taken to discend a distance ‘d’ along the plane is 


; LM AS 
Snpmpxeymy eg 


24 (i) [d=distance travelled down the plane] 
ay 
when the plane is smooth, the acceleraion down the plane is a) =8 sin 0 


= 


Now, the time taken to descend by the same distance ‘d’ down the plane is 


and the required time, 1; = 2d 
a 
by question, LES Eu L RE 
b a g(sin0 -u cos®) 


1 1 ; 
A062, — EPOR 0-45 
1- p cot 0 d ] 
1 


22:562 —— or, poo 20.61 
l-p 2.56 

+. The coefficient of friction = 061 

10.10. : Minimum force needed to m 
inclined plane : 

The body (A) of mass m is on the inclined plane of inclination 
0 [Fig. 10.10]. When 0 « tan"! (p,) the body will remain at rest on 
the plane, where H, in the coefficient of static friction between the 
body and the plane. The different forces acting on the body are shown 
in fig. F is the applied force inclined at an angle o with the plane. So, 
we shall try to get the minimum force required to move the body in 
two different cases. 

e (A) Minimum force required to move the bod 


When the body is about to move up along the plane, the frictional force reaches its maximum value 
der different forces acting on the body then for the equilibrium of the 


and acts downwards. If we consi 
body algebraic sum of the components of different forces along and perpendicular to the plane should 


be separately zero. 
Phy ()—13 


ove a body up or down a rough 
F 


y up the plane. Fig. 10.10 
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-<+ F cos a = i, R +mg sin 0 LF, = i R - static friction] 
“WSR = Fcosa-mgsin9,. 5... ELIO (i) 
and R—mgcosOeEsino. EM (ii) 
From the equations (i) and (ii), Hs (mgcos 0— Fsin a) = Fcos a —mgsin 0 

<: mg (u, cos O + sin 0) = F (cos +p, -sin a) 
If angle of friction be A then M, =tan A 
“mg (tan 2.-cos @+sin 0) = F(cos «+ tan A-sin 6) 
^ mgsin(@+A) = F cos(o.— 1) 

mgsin (0 +) 
SAPE ee TOS eus det mS d (10.5) 


The applied force F will be minimum when cos (a-A)=1 


SAO oo mal que = mgsin(0 +) 


* (B) Minimum force required to move the body down the plane. 
Now, the friction force acts upwards and when the bod 


ly is about to move, the frictional force is 
maximum and is F, — iR ; So in this case, 


H,R = -F cos a + mg sin @ and R =mg cos 8—F-sin a 
^. iu (mg cos 0—F sin a) = mg sin 0—F cos a 
<- mg (u, cos 0 — sin 0) = F(t, sin .—cos a) 


d mg(u, cos 0 — sin 9) 
D see 


ERI + Now we put u, — tan À 
s 7 


a teen ee, (10.7) 
cos (a +A) 

^ F is minimum when cos(a +A) =1 

^ Frain = mg sin(@—A) 


SB 


- © Special cases : If the force is applied along the plane then, a = 0 

"^. Now, the force required to move the body up the inclined plane is 
_ ng sin(@+2) 
^ — €08À 


F [ From equation 7.5] 


Again force required to prevent the body from sliding down is 


mg. Y 
Fz—— -À 
ae sin(@—A) [ by equation (7.7) 
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10.11. Pushing or pulling a roller : 
Pushing a roller is found to be more difficult than pulling it. It can be explained as follows : 


To push the roller, a force F is applied obliquely 
downwards as in Fig. 10.11(i). Its vertical component V NT UE 
acts downwards increasing the normal pressure on the 
ground. The force exerted by the roller on the ground 
increases. The normal reaction of the ground is R = 
W^ V. So the limiting friction (uR) increases and hence 
the resistance to the motion of the roller increases. 


If, however, the roller is pulled by the same force 
F, its vertical component V now acts in the upward W W 
direction. Now, the downward force exerted by the roller 
on the ground is (W-V). The normal reaction of the (i) (ii) 
ground is now R, = W-V. So, the maximum frictional Fig. 10.11 
force F,=p,R, is less than in the previous case. As the 
opposing frictional force decreases, pulling a roller is 
easier than pushing it. 

Ex. 10.5. : A body of mass of 50 kg is to be pulled along a horizontal plane. The coefficient 
of static and kinetic friction between the body and the floor is 0:42 and 0'4. What force is required 
(i) to set the body in motion ? (ii) to keep the body moving with constant velocity. 


Solution : (i) The force required to set the body moving on a horizontal floor is 


F=p,R y, = 042 
m = 50 kg 
<. F=p, mg =0-42x50x g(N) = 21 kg—wt. m, = 04 


(ii)-Force required to keep the body moving with uniform velocity 
Fl =p, mg 2 0:4x50 kg- wt = 20 kg —wt. 
Ex. 10.6. : A block mas 100 kg is placed on an inclined plane of height 6m and base 8m. the ` 


coefficient of friction between the block and the plane is 03. Will the block be able to move down 
the plane due to its own weight ? If it can, calculate the distance it descends in 1 sec. 


Solution : Consider the fig. 10.12. The block will descend along the plane due to its own weight 
if tan 9 » p, 


Now, tan 0 -i-075 and p, = 0-3 


Since tan 0 >}, , the body come down the plane due to its our 
weight. Now, the acceleration down the plane is 
a= g(sin 0— u-cos 0) =9-8(0:6-0-3x0-8)= 9-8x 0-36 


8 X RA 2 
Fig. 10.12 ~. a = 3:528 ms 


j j 1 
~. the distance travelled in 1 sec., eU 


2 


1 
d $= —%3-528%(I)" = 1.764 m= 176-4 cm 


Ex. 10.7. : A body is sliding down an inclined plane of inclination O with a uniform velocity. 
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If the body is projected with a velocity u along the plane upward, show that it will stop after 
2 


4g sin o along the plane and it will stop there and will not come down. 


Solution : consider the fig. 10.12(a). The body descends along the plane with uniform velocity. 
Hence frictional force acting on the body, F, = mgsinð 


ascending a distance. 


When the body moves upwards along the inclined plane total . 


R T retarding force is 
2 


ee : F = mg sin0- F, =2 mg sin 0 
*. Retardation, a — 2g sin 0 
KS Hence the maximum distance of ascend along the plane is 
ọ 2 u? u? 
e $-——- 
"n 2a _ 4g sin® 


2nd part : When the body comes to rest at the highest point on 
the inclined plane, effective frictional force is limiting friction. (F,). 
As F, > F, the body will not return. It will stop there. 

Ex. 10.8. : A block of mass 0:1 kg is drawn along a horizontal surface through a distance of 
10m by a force of 0-05 kg-wt which is applied at 30° with the horizontal. The coefficient of friction 
between the block and the surface is 045. Calculate the final velocity of the block. Assume that the 
block was initially at rest. 


Solution : In the fig. 10.13, A force F is applied on the body of mass m placed on the horizontal 
plane. The force is applied at angle 0 with the horizontal. If-‘a’ be the horizontal acceleration of the 
block, then its equation of motion is ma =F cos 0- p,R [F. EI 3 


and R= W-Fsin6 . R 
«<. ma = F cos - p, (W - Fsin0) 


Fig. 10.12(a) 


—»a F 
ia =Ë (cos 0+ py sind), - [W mg] 9 Fcos0 
ETT. 866-0-45x 0.5) -0-45x 9-8 Fk 
=0:931 ms? F = 005 x 98 N 
If the final velocity of the block be v the à re w 
v? =2as=2x0-931x10 Deo me? 
ny24-.32 ms! s=10m Fig. 10.13 


*. Final velocity of the block = 432 ms"! ! m = 01 kg 


Ex. 10.9. : A light pulley is attached at one end of a table. A string passes over the pulley. One 
end of the string is connected to the 20 kg block placed on the table. Another block of mass 5 kg 


is suspended from the other end. Calculate acceleration of the system and tension in the string. 
Coefficient of friction = 0-2. 


Solution : The arrangement is shown in fig. 10.14, T is the tension on the string and ‘a’ is the 
acceleration of the system. 


So, the equations of motion of m, and m, are ma=T—F, and mya=m,g—T 
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" m 
from these two equations, a — 


= 5 k 
a T noel Lc] Mia ^D 


s as SEPTO 20-4 ms? g= 10 ms? ^ | 

and the tension in the string, T=ma+Fy = ma + ums [m a 
=20x0-4+0-2x20x10=8+40=48 N 

10.12. Rolling friction : Fig. 10.14 


When a body like a wheel or a cylinder rolls over a surface a resistence opposing the motion of the 
rolling body comes into play. This friction is called rolling friction. So rolling friction is a part of kinetic 
friction and it comes into play when one body rolls over the surface of another. Rolling friction is 
generated due to the deformation of the rolling body as well as of the surface on which the body rolls. 


Example : Motion of a car on a road is an example of rolling friction. Here the portion of the wheel 
in contact with the road is deformed and also the portion of the road on which the wheel rolls is also 
deformed. 4 


(i) Motion of hard wheel on comparative soft road : 


If the surface of the road be soft and the wheel of the car be hard and heavy, the portion of the road 
in contact with the wheel is depressed due to the weight of the wheel and the car and a ridge is formed. 


In front of the wheel [Fig. 10.15()}. This ridge opposes the motion of the wheel. Also the energy 
spent due to the deformation of the road comes from the kinetic energy of the wheel. So the energy of 
—s the wheel decreases. 

(ii) On the other hand, if a soft wheel 
moves over a hard road (e.g. tyre of motor car on 
a metal road), the shape of the wheel changes. It 
becomes flat at the contact with the road. In this 
case deformation of the road is negligible. Here 
also some energy is lost due to deformation of 
the wheel. 

Fig. 10.15 (ii) The adhesive force between the 
molecules of the material of the wheel and the molecules of the material of the road at the place of 
contact is also responsible for the rolling friction. 

Compared to the sliding friction rolling friction is much R 
smaller. For this reason, a barrel full of liquid can easily be 
taken from one place to another by rolling it. 


(i) 


All the laws of static friction are also applicable in the 
case of rolling friction. The limiting value of rolling friction is H 
F, =p,R, B= coefficient of rolling friction and R = normal 
reaction. 

10.13. Advantages and disadvantages of 
friction : 


A. Advantages : Friction plays very inportant role in our 
daily life. We mention few cases where friction is a Fig. 10.16 
necessity : 
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(i) The important example is walking on a road. We would not be able to walk if friction were absent 
when we would have fallen backward. At the time of walking along a road we press the road obliquely 
[fig. 10.16] by a force F. The friction force F, = wR acts in the forward direction opposite to the 
horizontal component H. If H is greater than the limiting friction uR, the leg will slip backward. In that 
case walking is not possible. If the road is smooth it is very difficult to walk with long stride. 


(ii) We would not be able to travel-in vehicle if there were no friction. In such a case the wheels 
of the vehicles would rotate without moving and if, some how we succeeded in moving we could not 
have stopped because the breaks would not function. 


(iii) We would not be able to light a match stick if friction is absent. 
(iv) We would not be able to fix a nail on the wall if there were no friction. 


(v) Mechanical energy produced by a motor is transferred to other mechine by conveyor belt. It 
would not be possible if there were no friction. 


B. Disadvantages : There are many other cases where friction is a disadvantages. 


(i) Friction reduces efficiency of a machine. It requiring greater supply of energy for its operation 
because a part of the energy is wasted to overcome frictional opposition. 


(ii) Friction causes wear and tear of the moving parts and shortens the life of the machine. 
(iii) Friction produces heat. The excessive heat produced in a machine may cause damage. 
Hence there is a need to reduce or minimize friction. 

10.14. Different methods of minimizing friction : 


To reduce or minimize the harmful effects of friction, steps should be taken during manufacture of 
machine parts. Some of the methods meant for reducing friction are discussed : 


(i) The wear and tear of moving parts can be reduced by using lubricating oils. There are different 
types of lubricating oils which makes rough surface smooth. In some big machines, lubricating oil is 
continuously supplied to prevent the moving parts of a machine from getting unduly heated. Continuous 
supply of lubricant creates a thin film of the lubricant between the moving surfaces. It makes the 
functioning of the machine smooth and greatly reduce wear and tear. 


(ii) Use of anti-friction alloy : The coefficient of friction between two metals not only depends on 
the smoothness of the surfaces but also depends on the nature of the two metals. From experiment it is 
found that a steel surface moving over another steel surface produces greater friction than a steel surface 
moving over the surface of an alloy made of lead and antimony. Such alloys are known as antifriction 
alloy. The process of reducing friction by the use of antifriction alloy is known as babbiting. 

(iii) Use of ball-bearing and roller bearing : 
Rolling friction is much smaller than kinetic friction. 
For this reason all vehicles are provided with wheels. 
Whereeyer possible, it is always tried to use rotating 
system where rolling friction operates instead of kinetic 
friction. Now-a-days ball bearing or roller bearing is 
used instead of sleeve bearing. Reason is : within the 
sleeve bearing when shaft or driving rod rotates, kinetic 
friction is effective [Fig. 10.17(i)]. But in the case of 
ball-bearing or. roller bearing rolling friction acts [Fig (i) (ii) 
10.17 (ii)]. So frictional force is reduced appreciately. Fig. 10.17 

As a result mechanical efficiency of mchines increases. ' 


It must be remembered that friction can never be completely eliminated. It can only be reduced. 
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MISCELLENIOUS EXAMPLES 


Ex. 10.10. : A person holds a book of mass 1kg by pressing it by two hands so that it just does 
not fall. If each hand applied force of 25 kg-wt, calculate coefficient of friction between the hands 


and the book. [H.S. 2002] 

Solution : 1n the fig 10.18, the book is held between two hands. EOMES 
Different forcés acting on it are show in fig. The frictional force S Yu 
between each hand and the book is F, = uN, N is the normal reaction 
on the hand exerted by the book. Here N = 25 kg-wt. Considering | | 
equilibrium of the book, Netbook | N 

2F,=mg_ or, 2u N=mg | 
Leen eee Dios E 
2N 2x2.5x9.8 5 1 Fig, 10.18 


-. The required coefficient friction = 02 


Ex. 10.11. : A person of mass 50 kg throws a ball of mass 5kg horizontally with a velocity of 
5 ms“. If the coefficient of friction between the man and the ground be 0-2, calculate the distance 


through which the person recoils ? 
Solution : |f the initial velocity of recoil of the person be V then by conservation of momentum 
principle 


Msi re 
M 50 
If the person recoils by a distance x we can write by the conservation of energy làw 
1 : 
MV? = Fix - uM gx [V2 0:5ms u =0-2, g=9-8 ms?) 
v? (0-5) 


^2ug 2x0.2x9.8 7x 20-6377 cm = 63-77 cm 
Ex. 10.12. : A tram is moving with a acceleration of 49 cm s, If 50% of the motor power is 
spent to overcome the fricitonal forces and 50% to increase the speed, find coefficient of friction. 
Solution : Let mass of the tram be m, its power P and it travels a distance s in time /. Now, 50% 
of the power of the motor is spent in overcoming friction and 50% to increase the speed. 


TA MEL SP yoan Von s Yee e a toda, d i) 
and Fv=0-5P or, A =0-5P ec oe ene (ii) 
from this two equations p = e 0-05 
g 980 


~. The coefficient of friction = 0-05 

Ex. 10.13. : A car of mass 20 kg can move over a horizontall road without friction. A box of 
mass 2 kg is placed on the car. The co-efficient of friction between the car and the box is 05. A 
force of 2 kg-wt is applied on the box parallel to the road. Calculate (i) the acceleration of car and 
the box. (ii) frictional force between the car and the box. 
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Solution : |n fig. 10.19, M = 20 kg is the mass of the car and m = 2 kg is the mass of the box. The 
horizontal force on the box is F = 2 kg-wt. 


Now the maximum frictional force, F, = 0-5x 2 =1-0kg-wt 


rdi 
[m | F As F > F,, the box and the car will move separately with different 
accelerations. Let a, be the acceleration of the box and a, be the 
p acceleration of the car. i 
(e) (e) So, the equations of motion of box and the car are 
Hay Kay Pee a Scryers Aaa (i) 
Fig. 10.19 and! Mas «I5 5-5 D. Nie o amis (ii) 
From equation (i), 2 a, =(2—1)x9-8= 9-8 
7a 24.9 ms? m-2kg 
N = 20 kg 


and from equation (ii), 20 a, =1x9-8 or, a; 20-49 ms? 


*. acceleration of the box = 49 ms? and acceleration of the car = 049 ms? 
2nd Part : Friction force between the box and the car F, = 1-0 kg-wt 


Ex. 10.14. : A box of mass 65 kg is placed on a horizontal conveyor belt. If the belt moves with 
an acceleration of 1 ms? the box remains stationary with respect to the belt. (a) What force acts 
on the belt (b) If the coefficient of friction between the box and the belt be 0:2. What should be the 
mximum acceleration of the belt so that the box does not move relative to the belt ? 

Solution : (a) The weight of the box is balanced by the normal reaction of the belt. When the belt 


moves with an acceleration 1:0 ms~, a pseudo force F = ma acts in the opposite direction. So the force 
on the belt is F = 65 x 1 = 65 N 


(b) Maximum frictional force, F, =p, mg = 0:2x65x9-8—- 127-4 N 
If a, be the maximum acceleration of the belt for which the box remains stationary on the belt 
F, 127.4 
then, F 27a, a2 —- ——- 
LED ALES ER Ae 


Ex. 10.15. : A particle is falling down a rough inclined plane. Assuming the frictional force to 
be 02 times the normal reaction and the angle of inclined plane to be 30°, calculate the acceleration 
of the particle. Calculate also the change of sum of the kinetic energy and potential energy as the 
particle falls through a length of 1m along the inclined plane. The mass of the particle is 1gm. 


|J.E.E. 1982] 


1-96 ms? 


Solution : The acceleration of the body down the inclined plane is 
a= g(sin 0— p cos 0) 
= 980(sin 30°-0-2-cos30°) = 320-46cm.s? d 
Now, the change in the sum of kinetic and potential energies 
= work done by the body against the frictional force = m a s 


=1x320-46x 100 [s = 100 cm] 
= 32046 dyne 
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Ex. 10.16. : A body is placed on a inclined plane of inclination 0. It is found that the force 
required to move the body upward along the plane is twice the force required just to prevent the 
body from falling down. If u be the coefficient of friction between the body and the plane, show that 


0 = tan! (34). 


Solution : When it is intended to move the body upwards along the plane, the frictional force acts 
downward. So the net force required just to move the body upwards is 


F=mgsinO+pmg cosO+- +++ 02st ete eee (i) 


When it is prevented to move downward, the frictional force acts in the upward direction. Hence 
the force needed just to prevent the body from falling is 


F, =mgsinO—pimg cosO+ +++ 6 (ii) 
By question, F = 2F, 


From equations (i) and (ii), sin 0+ «cos 0 =2(sin 0- p cos 0) 


^sinQ-3uncos0 ~. O= tan (3) 

Ex. 10.17. : A ladder is kept inclined against a vertical wall with its base on the ground such 
that it makes equal angles with the ground and with the wall. A man whose weight is half the weight 
of the ladder starts climbing up along the ladder. Show that when the man moves a distance equal 
to 71:4% of the length of the ladder it will start sliding. Given, the coefficient of frinction between 
the ladder and ground is 0:5 and that between ladder and the wall is 1/3. 

Solution : The arrangement is shown in fig. 10.20. The ladder AB =! p 
of weight W makes angle 0 with the ground and also with the vertical wall. S: 
So the weight of the man, W, = W/2. 

Let the ladder starts sliding when the man is at D. We have to show x 
= AD 70714 (AB) = 0714/. The different forces on'the ladder at its limiting 
condition are shown in fig. 


The fictional force at A, Fs, = iR, 
and the frictional force at B, Fs, = jo R; 
Considering equilibrium of the ladder > F, =0 and °F, =0. 


“Ry =F, =p Ry and F = py R, WW 
3W Ww 
Mitis ti gm xc Iv -¥| Fig. 10.20 
3W 
^gulR, +R, =— 
2 
2: i 
5 W=FRi(l+ Hitt) Ho ERE sta eee NURSE RELOTNC (i) 


Now, algebraic sum of the moments of all the forces about the point A is zero. 
e ws cos 0+ W, x cos 0 =F, / cos0 +R, /-sin 8 


W Wx 
+> = R; +p,R, tan 0 
227 HiH By + HIR, 
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S Y(«z- HR, (2 +tan 6) 


12 x 
2m fco) (193) = uR, (u +1) [e = 45°] 


HIT [1+3)- Hy (Ho +1) 


ie, 1 x l 1 
=| 140-5x—|| 12-5 |30-5| 51 Zos: meS 
2 Seen) G+) [^ je ; 


sil or, x=2/=0-7 4l -. AD=71-4% of l. 


Ex. 10.18. : A block is placed on an inclined plane of inclination 0. The coefficient of friction 
between the block and the plane is u (u < cot 0). What horizontal acceleration be given to the plane 
so that the block remain sstationary on the plane ? 


Solution : Let m be the mass of the block placed on the inclined 
plane of inclination O [Fig. 10.21]. Let ‘a’ be the maximum horizontal 
acceleration of the plane so that the block remains stationary on the plane. 
The pseudo force on the block is ma. 


"^ N = mg cos 0 + ma sin 6 
and ma cos 0 = mg sin 8 + pN 
= mg sin 0 + u (mg cos 0 + ma sin 0) 


g(sinO+pcos0)  g(u cot 1) 
a= SF 


Fig. 10.21 2 cos0 — y -sin O cot- i 


Ex. 10.19. : A body of mass 5x10? kg is projected upwards along an inclined plane of inclination 
30° and after some time reaches the point of project. If the time of ascent be half of the time of 
descent, calculate the coefficient of friction between the body and the block. [Roorkee 1990] 


Solution : When the body moves upwards its retardation is a, = g-sin 8+ g cosO 
When it is moving downward its acceleration, a, = g sin 0-1 g cos 


CLOGS i eal E a T caa (i) 
"a, sin@-pcos® tanO—-p 


Let initial velocity of projection be u, and time of ascent be /, then, 


Ger Aet o> unde qty EO RS N ence IESE nen EO ES CETERO EE. (ii) 


di (neige t Pis dE GUNT DRTISCRS QE EDO EIC ROS I CAE EIE REDE (iii) 
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E 2 
Again u? =2ays, and wf -2a,$ e hah a ets (v) 
uy d) 
a, a i t E 1 i 
E T -a NT 
ay E p ds [nomm 
a 
eNO AGREE Pe SR ER UE Beata aan Ley Ap a] ca STE" (vi) 
a 
tan 44 tanO 5 
+. from (i) and eunea i or, ü zi 


3 
HT "208 0 — 0-6xtan 30*— 0-346 ~. the coefficient of friction = 0346 


Ex. 10.20. : A block (A) of mass 200 kg is placed on another 
block (B) of mas 300 kg. A is connected to the wall by a horizontal 
string at the point C [Fig. 10.22]. The coefficient of friction between 
A and B is 025 and between B and the floor is 0-2. What should be 
the value of F so that the block B starts moving ? g = 10 m/s*. 


Solution : In fig. 10.23, different forces acting on B are shown Fig. 10.22 


The frictional force on B due to A, Fy = Hug 


when ni, — mass of the block A. 


SER =0+25x 200 x 100 =500N hms 
Also the frictional force on B exerted by the floor "DA F 
E, 7H (m, -m)g [m, = mass of the block B] ua(m, + m)g 
=0-2x500x 10 =1000N Fig. 10.23 
-. The minimum force required to make the block B 
moving is x 


F= F, +F, =500+1000=1500N 


Ex. 10.21. ; The masses of the blocks A, B and C are 3kg, 4kg and 8kg |Fig. 10.24]. The coefficient 
of friction between any two surfaces is 0:25. The block A is connected to the wall by a rod. The block 
B and C are connected by a flexible string which passes over a pulley fixed rigidly to the wall. Calculate 
the magnitude of the force P to pull the block C with a uniform velocity. |I I.T. 1978] 


Solution : When the block C move towards left, block B moves 
towards right. But the block A will not move [Fig. 10.23]. 


So, the tension in the string, T = total frictional force on the 
upper and lower surface of B. 


T=p m, +u(m, +m) [ma 73kg. my = 4kg] 


20.25x340-25(344) =2:5kg-wt 
The block C is moving from right to left at constant speed. 
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So, the applied force P is 


PET pm, mg) u(ma mg +m) 
=2-5+0-25(3+4)+0-2(2+3+8) - 8kg - wt 
Ex. 10.22. : The minimum force which can move up a body along an inclined plane is P. Show 
that the force required to be applied parallel to the inclined plane to move the body up the plane 
is PA1-- i? where p is the coefficient of friction. 


Solution : |n fig. 10.25, the force P acts on the body B at an 0 with the inclineld plane whose angle 
. of inclination is a. The different forces acting on B are shown in fig. considering the equilibrium of the 
body. 
Po080 —lR = mg sina... ue acals. eave elg tread (i) 
and;PSih OH R= mg COS. 7... ot rro edhe ERIS (ii) 
Multiplying equation (ii) by it and then adding with (i) we get 
P(cos 6+41-sin 0) = mg (sin œ+ p cos a) 
_ W(sin ap cos &) 
cos 6+ p sin 0 DV mgl 
W x(si tan À cos a 
ee pte 
cos O+ tan A-sin 0 
_ W-sin(a +A) 
~~ cos (8- a) 


Fig, 10.25 
For minimum value of P, cos(0—a)-1. 2.2 =0 


If the force is applied parallel to the plane 9 = 0° 


i sin(a+B) P m 
-deAppliediforce, P= Wie one 7. PY = P-sec à = PL tan? X = fL? 


cos p - cos p 
Ex. 10.23. : The block A is on a frictionless surface. The blocks B and C are connected by a 
string which passing over a pulley fixed to the block A. What horizontal force may be applied to 
block A so that blocks B and C will remain stationary with respect to the block A. The blocks B 
and C are of same mass and yj: is the coefficient of friction. 
Solution : In figures 10.27(i) and 10.27(ii) the different faces acting on the blocks B and C of fig. 
10.26 are shown. 
Let a, — absolute acceleration of B towards right 


a, 7 absolute acceleration of A. 
^ dq, =4 -a4 = acceleration of B relative to A 
Since a4 7-0 a, =a, 
considering the horizontal and vertical components of 
forces acting on B and C we write. 
T-umg-ma,-may [a,=a,] .......... i 
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mg 2 T* uN, and N, = maa 


smgsTegumay.......- (ii) N 
From equation (i) and (ii), uN, T 


ubican cce aa cd i 
I | 
mg mg 


+. aq (1+) = gü-1) a, = — Lg 


l+ 
. Applied force on block A, is (i) (ii) 
yi Mg(1- i) Fig. 10.27 
[UTE 5 


Ex. 10.24. : The angle of. inclination of an inclined plane is 0. Its upper half is smooth and the 
lower half is rough. A body is dropped from the top of the plane. It comes to rest on reaching the 
bottom of the plane. Calculate the coefficient of friction at the lower half of the plane. 


Solution : The body was at rest at the top as well as at the bottom of the plane. So, we can write 
Acceleration at the upper half — retardation at the lower half of the plane. 

z. g sin 0 = -(gsin 0— ug cos0) 

^p cos0-2sinO ..p-2-tanO 
Ex. 10.25. : A motor boat is moving with a velocity v through water in a lake. At / = 0, the 


engine is switched off. The resistance of water is proportional to the velocity i.e. F = -kv |k = 
positive constant] Calculate : 
(a) the time after which the boat will stop. 
(b) distance travelled by the engine. 
dv 


Solution : (a) F7 -kv or, ma = d =-k or, — = iba 
dt v m 


S k 
Intergrating, log, v = egi) *C [C = Constant] 


Att20,v2v ..C-log, vo 


xf __k i Signi k = 
3 Ie SH 0$. Yo jobs em n v= vg en 
Evidently when £ =%, v=0 
k 
(b) ea omg z. dv=-—-de 
dt dx m 


k 
On integration, V = c I [C, = Constant] 


At xsQ0v2vy ~ Ci 7v e ccu 


Let the distance travelled be S when velocity becomes zero. 


uc Sdn e 
m k 
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Ex. 10.26. : Two block A and B are connected by a string and a spring. The string passes over 
a pulley connected at the end of a fixed block C [Fig. 10.28]. B block can slide over the upper 
horizontal surface and A can slide over vertical surface of the block C. The blocks A and B move 
with equal velocity. The coefficient of friction between the blocks is 0:2 and force constant of the 
spring 1960 N/m. If the mass of the block A be 2kg, calculate mass of block B and energy stored 
in the spring. [L.I.T. 1982] 

Solution : Let the tension in the string is T. As the blocks A and B move with constant velocity, 
net force on them is zero. 


Now, for the block B, T = friction on the block B = u mg 
m = mass of the block B 


and for the block A, T = mg = 2g [m, = 2kg] 


3 0x3 
nampe2g  ..m=—=——=10k 
p mg =2g n^ 3H qu g 


Fig. 10.28 -. mass of the block B is 10 kg. 
Let x be the expansion of the spring due to the weight of block 


2 
©. ke = mg or, xe E 


*. energy stored in the spring, Line: Sen 1960>{ 
2 2 
~. E=0-098 J 


Ex. 10.27. : A block of mass 10 kg is placed on a horizontal table. A body of mass 1:0 kg is 
on the block. The coefficient of friction between the body and the block is 0-1. A horizontal force 
if 22N is applied on the block. What time will the body take to travel a distance of 1:02 m over the 
block? Calculate also the distance travelled by the block during this time ? 

Solution : The arrangement is shown in fig. 10.29. 


Let a, — acceleration of block of mass M 


2x33) 
1960 


and a, = acceleration of the body of mass. m over the block. 
The equation of motion of M block, Ma, = F — u mg 
.F-pumg 22-0-1x1-0x9-8 
E ST 10 

The equation of motion of the body is ma, = mg Table 


ERG =2-102 ms? 


Sy =p g=1-0x9-8=0:98 ms? 


Fig. 10.29 


*. acceleration of m with respect to the block M is 
a2 0-98-2.102 =-1-122 ms? 


—ve sign shows that the direction of a is Spposite to a, and a, 
So, the time taken by the body to move a distance 1:02 m 


[2 [ a 
over the block M is t= ES RT C TS 
a 1-122 
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The distance travelled by the block during this time. 
1 
laf = 5 «2-012«(1-35) -1:915 m 


Ex. 10.28. : A conveyor belt inclined at 30* with the horizontal is moving upwards with a 
velocity of 3 m/s. A box is placed gently on the belt. If the co-efficient of friction between the box 
and the belt be 08, how far the block will move on the belt before coming to rest on it ? 


Solution : Initial backward velocity of the box with respect to the belt is u = 3 m/s. 
Retardation of the box is, a =p gcos @—g sin 0 [0 = angle of inclination of the belt] 
7. a 2 9-8(0-8x cos 30°—sin 30°) 
=9-8x0-1928 = 1-9 m/s? 


If it moves a distance x on the belt before stopping, we will be 


0= (3) -2x1-9x «x= 


2xr9^ 237 m 


-. Required distance = 2:37 m 


SHORT ANSWER TYPE QUESTIONS (With Answers) 


Question 1. It is difficult to write on a very smooth or on a very rough surface. Explain the 
reason. 


Ans. When the paper is very smooth, the pen will slip on the paper. Again if the paper is very rough 
then to move the pen on the paper greater force is need. So it is inconvenient to write on a smooth or 
on a rough paper. 

Q. 2. Frictional force increases with the increase in weight of the body. Explain. 


Ans. We know friction is a surface phenomenon. The surface of body are never perfectly smooth. 
Little prominences and hollows are always present on the surface. For this reason when a body is placed 
on the surface of another body, at the surface of contact the prominences of one are interlocked with the 
hollows of the other. When a force is applied to move a body the relative motion is resisted. 


Now, with the increase in weight of one body the interlocking among the irregularities on the 
surfaces becomes tight. So the opposition to motion or frictional resistance increases with the increase 
of weight of the body. 

Q. 3. When a person moves over a rough surface, in which direction frictional force acts ? 

Ans. When à person moves over a rough surface, the frictional force acts in he forward direction. 

Explanation : When a person moves he presses the ground with a force obliquely in the backward 
direction. Horizontal component of the force is balanced by frictional force which acts in the forward 
direction. Hence the frictional force acts in the forward direction when a man walks on a rough surface. 


Q. 4. What is meant by coefficient of friction ? |J.E.E. 1997| 

Can the value of coefficient of friction be greater then 1. |J.E.E. 1998| 

Ans. The coefficient of friction is defined as the ratio of limiting friction (F,) to normal reaction (R). 
-È 

so, H— es 


2nd Part : The coefficient of friction is usually less than 1. In special case coefficient of friction 
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may be greater than 1.In air free space when the surface is very smooth then the adhesive force becomes 
very high and the coefficient of friction may be greater than 1. 


Q. 5. Why more heat is generated when a body is polished by a polishing cloth with greater 
pressure ? |J.E.E. 1995] 
Ans. When a body is polished with greater pressure, normal reaction increases. So frictional force 


also increases. Hence more heat is generated when a body is polished by a polishing cloth with greater 
pressure. 


Q. 6. A body can be pulled easily by putting it on wheels than by placing it on ground. Explain. 
Ans. The reason is : rolling friction is much less than kinetic friction. 


Explanation : When a body is pulled on a surface or ground, kinetic friction acts against the motion. 
On the other hand, if the body is first placed on wheels and then pulled, the wheels will rotate on the 
ground and the body moves. Here rolling friction acts against the motion of the wheel. As the rolling 
friction is much less than kinetic friction, it is easier to move a body on wheels. 


Q. 7. A small body of mass m is placed on a large block of mass M. The coefficient of friction 
between the bodies is 1. There is no friction between the large block and the ground. What horizontal 
force is required to be applied on the larger block M so that the body m is about to slide on M. 


Ans. The arrangement is shown in fig. 10.30. Let F be the force applied on M when the body m 
is about to slide on M. 


F 

If the acceleration of the system be a. Then a = ——— 
+m 

y Bn 5 
^ Pseudo force on m, F’ =ma=—— (jn backward 
Fem 
F direction) 
Frictional force between the block and the body. balance this 
force. 
Fig. 10.30 F. 
8 ~. Frictional force, F; =p mg =—— 
M+m 


^ F=pg(M+m). It is the required force. 


Q. 8. A homogeneous chain of long the / lies on a table. What is the maximum length of the 
chain that can hang below the table if the coefficient of friction be LAS 


Ans. Frictional force between the chain and the table balances the weight of the hanging part of the 
chain. If m be the mass per unit length of the chain then, the weight of the hanging part is W — más . 


Frictional force on the remaining part of the chain on the table is F= um(-1)g 


-mhg-umg(l-h) —lh-wu-u,  -6h5——. 


A. Short Answer type Questions : 
1, Frictional force always opposes the motion. Explain. 
2. What is meant by limiting friction ? On which factors its value depends ? 


3. Show graphically the variation of frictional force with the applied force. Indicate limiting friction and kinetic 
friction on the graph. 


FRICTION 209 


4. Define coefficient of static friction. Has it any unit ? 

5. Heavier the body larger is the force required to pull a body along a floor. Explain. 
6. What is angle of repose ? How is it related to coefficient of static friction. 

7. Define angle of friction. Give its relation with coefficient of static friction. 

8. We cannot walk if there is no friction. Explain. 

9. Frictional force is a self adjusting force. Explain. 

10. Show that normal reaction decreases with the increase of angle of inclination of the inclined plane. 
11. Why does frictional force increase with the increase of normal reaction ? 

12. It is easier to pull a roller than to push it. Explain. 

13. Why cars are provided with wheels ? 

14. The wheel of a car is made rough and not smooth. Explain. 


15. What is meant by kinetic friction ? What is the difference between coefficient of kinetic: friction and 
coefficient of static friction ? 


16. Mention some advantages and disadvantages of friction. 

17. How can you decrease friction ? 

18. It is found that if the surface is made very smooth, friction increases. Explain. 

19. It is very difficult to write on a smooth as well as on a rough paper. Explain. 

20. Can the coefficient of friction be greater than | ? |J.E.E. 1998] 


21. A chair is placed on the floor of a room. When does the frictional force acts between the chair and the 
floor ? Is that force a constant ? 


22. Why more heat is generated when a body is polished by a polishing cloth with greater pressure ? 
|J.E.E. 1995] 


23. A body is placed on an inclined plane of inclination 0. Show that if 0 > tan“! p, the body cannot remain 
on the plane. 


24. We should walk in small steps on ice. Explain. 


B. Essay type questions : 

1. (a) Show that frictional force changes with the applied force. 

(b) What is meant by limiting friction. On which factors its value depends. 

2. State the laws of static friction. Hence define coefficient of friction. 

3. What we angle of repose and angle of friction. Obtain the relation between them, 

4. The angle of inclination of an inclined plane is 0. A body of mass m is placed on the plane. 

(i) What force parallel to the plane is required to be applied to prevent the body from falling down ? 

(ii) What minimum force applied parallel to the plane is required to move the body up the plane ? 

5. State the laws of static friction. Define coefficient of friction. Obtain the relation between angle of repose 
and coefficient of friction. : 

6. What are the laws of static friction ? It is more difficult to drag a heavy body on the ground than to pull 
it when it is put on a car.’ 

7. A body is on an inclined plane. If the angle of inclination is greate than the angle of repose. What force 


will prevent the body from falling down ? What force is required to be applied so that body start moving ete 
j |J.E.E. 


8. (a) What we mean by static friction and kinetic friction ? What is limiting friction ? 
(b) State the laws of static friciton. , 
(c) Define angle of repose and coefficient of friction. Establish the relation between these two. 


Phy (1)—14 
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9. A body of mass m is placed on a horizontal surface: What minimum force is required to start the motion 
of the body ? Assume, angle of friction = À. [Ans. mg sin A and 62 X | 


10. The coefficient of friction between a body of mass m and a horizontal surface is u. What is the magnitude 
and direction of the minimum applied force F required to set the body moving. [LLT. 1987] 


11. (a) A uniform chain of length / and mass m is placed on a horizontal table with a part hanging below the 
table. When a length /, of the chain hangs below the table, the chain is about to slide. Calculate the coefficient 


T h 
friction between the chain and the table. i [ans BE zs 

(b) A body is placed on an inclined plane. The minimum force required to be applied parallel to the plane to 
move the body upwards is twice the force required just to prevent the b: 2y from sliding down. If the coefficient 


of friction be p, show that angle io inclination of the plane is È= tan! (3) 


12. What we mean by angle of friction and cone of friction ? Obtain the relation between he coefficient of 
friction and angle of friction. 


C. Simple Problems : 


1. A body of mass 50 g is placed on a horizontal table. When a horizontal force of 20 gm-wt is applied to 
the. body, it is about to slide over the surface. Calculate the coefficient of static friction between the body and the 
table. [Ans. 0:4] 

2. A block of mass 50 kg is on a truck. Suddenly the truck starts moving with an acceleration of 5 ms ? on 


a horizontal road. The block slides backward with on acceleration of 0:5 ms~2. Calculate the coefficient of friction 
between the block and the truck. [Ans. 0:46] 


3. A body of mass 600 gm is at rest on a horizontal floor. The body will start moving when a horizontal force 
of 120 gm-wt in applied to it. But to keep the body moving a horizontal force of 100 gm-wt is required. Calculate : 
(i) Coefficient of static and kinetic friction, (ii) If a horizontal force of 90 gm-wt is applied to the body, what friction 
force acts on it ? = [Ans. (i) 0:2 : 0:167. (ii) 90 gm-wt.] 

4. A body is driven with a velocity of 10 ms-! on a horizontal floor. If the coefficient of kinetic friction be 
05 calculate (i) the time for which the body is in motion, (ii) the distence it travels before it stops. g = 10 m/s?. 

[Ans. (i) 2 sec.; (ii) 10 m] 

5. A rectangular block of mass 16 kg is raised by pressing with two hands on it. How much force each hand 

will apply ? The coefficient of static friction between the hands and the block is 0:25. [Ans. 32 kg-wt] 


6. A uniform rope is placed on a table with a portion hanging below the table. When the length of the hanging 


part is 25% of the whole length of the rope, it begins to slide. Calculate the coefficient of static friction between 
the rope and the table. [Ans. 0:33] 


7. A body is placed on a wooden plank. When the plank makes an angle of 30° with the horizontal, the body 
begins to slide down the plank. Durin the next 4 sec. the body descends 4m along the plank. What is the coefficient 
of static and kinetic friciton between the body and the plank. [Ans. p, = 0578 and p, = 0519] 


8. The ratio of the height and length of base of an inclined plane is 3 : 4; When a body is placed on it, a 


horizontal force equal to half the weight of the body can prevent the body from sliding down the plane. Calculate 
the coefficient of friction between the body and the plane. [Ans. 0:18] 


9. The weight of a gun is 500 kg. A shell of mass 10 kg is fired from the gun with a velocity of 20 ms. 


If the frictional resistance of ground be 1/10th of the weight of the gun, Calculate the distance through which the 
gun moves backward. 


[Ans. 8:16 cm] 
10. A stone is thrown over ice and it stops after travelling a distance of 20-5 m. If the coefficient of friction 
between the stone and ice be 0:01, what was the initial velocity of the stone ? g = 9:8 ms? [Ans. 2 ms |] 


11. A body is allowed to fall from the top of an inclined plane of inclination 45°. It acquire a velocity of 2 ms! 
after descending a distance of 36-4 cm along the plane. What is the coefficient of kinetic friction between the body and 
the plane. [Ans. u, = 02] 
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12. The inner diameter of a hollow sphere is 1 m. To what maximum height a body can be placed on the inner 
surface of the sphere so that it does not fall ? The coefficient of friction between the body and the sphere. is u^. 


[Ans. 13:4 em] 
13. A man of mass 70 kg standing on ice throws a stone of mass 3 kg horizontally with a velocity of 
8 ms“, Calculate the distance by which the man recoils ? p, = 602 [Ans. 30 cm] 


14. A body of weight 50 g-wt is placed on a rough hofizental table. A force of 20 g-wt is required to put the 
body in motion on the table. Calculae the coefficient of static friction between the body and the table. [Ans. 04] 
|H.S. 1980] 

15. The time taken by a body to descend a certain distance along a rough inclined plane of inclination 45° is 
twice the time taken by the same body to descend by the same distance along a smooth inclined place of same 
inclination of 45°. Calculate coefficient of-Kinetic friction between the body of the plane. [Ans. 0:75] 


16. A block of weight 40 N is placed on a horizontal table. A light string connected with the block passes over 
a smooth pulley attached at one end of the table. A body of weight 30 N is hanging from the other end of the strings, 
Calculate acceleration of the system and tension on the string in the following cases : 


(i) when the table is smooth (ii) when the coefficient of friction between the table and the block is O1. 

g 710 ms? [Ans. (i) 428 ms? ; 1714 N ; (ii) 371 ms?, 1886 NJ 
17. A body of mass 2 kg is resting on an inclined plane of inclination 30°. The coefficient of friction between 

the body and the plane is V3 /2.. Prove tha the body will not descend due to its own weight. What forces are required 
to move the body (i) down the plane and (ii) up the plane ? g = 98 ms. [Ans. (i) 49 N, (ii) 245 N] 
|I. LT. 1976| 

18. A wooden block of mass 390 gm is placed a rough horizontal plane. A bullet of mass 10 g moving 
horizontally with a velocity of 400 ms“ strikes the block. After impact both the block and the bullet move together 
and stops after travelling a distance of 20 m. Calculate the coefficient of friction between the block and the plane. 
g 798 ms? ; «< [Ans. 026] 
19. A block of mass 20 kg is placed on a table and a string is attached to be block. The string passes over 

a pulley fixed at one end of the table. At the other end of the string a smaller block of mass 12 kg is suspended. 
Starting from rest if the block on the table travels 20 cm in first one second, calculate the coefficient of kinetic 
friction between the block and the table. [Ans. p = 053] 


20. A body is falling down a rough inclined plane of inclination 0 with a uniform velocity. Now the hody is 
projected upward along the plane with an initial velocity of vp. Calculate the distance it ascends before it stops. 
[Ans. S = v?/4g sin 0| 

21. A body is gently placed on a platform moving horizontally with a velocity of 4 ms". Calculate the distance 

by which he body moves before it stops on the platform. The coefficient of friction between the body and the 
platform is 02 g = 10 ms. [Ans. 4m] 


22. The speed of a car while talking a bent is 10 ms~!. If the coefficient of friction between the car and the 


road be 0-5, what is minimum radius of curvature of the road so that it does not skid ? g=10ms?, 


li mv 
ine ru =u | [Ans. 20 m| 


23. The angle of inclination of an inclined plane is 0 and its length /. A body of mass m is dropped along the 
plane. If the coefficient of friciton between the body and the plane be p, what will the velocity of the body when 


it reaches the bottom of the plane ? [Ans [2ellsin ð- u cos DI 


24. A slab of mass 40 kg is placed on a horizontal frictionless floor and a block of mass 10 kg is kept on the 

slab. The coefficient. of static and kinetic friction between the body and the slab are respectively 06 nd 04. A 
horizontal force 100 N is applied on the block. Calculate the acceleration of the slab. g = 98 ms? 

[Ans. 0:98 ms ?] 
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25. An engine of weight 1 metric ton is ascending along an inclined plane of inclination 1 : 2 with a velocity 
of 36 km/hr. If the coefficient of friction be 1/43 what is the power of the engine ? g = 98 ms~ 
[Hint. Power = Fv] [Ans. 98 kw] 


26. A block of mass 120 g is drawn along a horizontal plane by a rope inclined at 30* with the horizontal. The 
body was initially at rest and it acquires a velocity of 9:8 ms"! in 10 sec. If the tension in the string be 60 gm-wt. 
calculate the coefficient of kinetic friction. g = 98 ms? [Ans. p, = 044] 


27. A body of mass 10 kg is drawn upward along a smooth inclined plane of inclination 45* by a horizontal 
force. The length of the inclined plane is 4m. (a) The velocity at the bottom is 4m s^! and at the top 8 ms^!. How 
much work-is done by the applied force ? (b) If the plane were not smooth what would have been the work done? 


The coefficient of friction = 0:15 [Ans. (a) 517 J, (b) 522 J] 
28. How high can a particle rest inside a hollow sphere of radius r, if the coefficient of friction be 1/ 48» 
[Ans. 0:134 r| 


29. The speed of a train is changed from 47:5 km/hr to 30 km/hr in 3:3 sec by applying break. For what 
maximum value of coefficient of friction between a box and a rack inside a train, the box may slide over the rack”? 
[Hint. ma > u mg] [Ans. 0:15| 
30. A body is on an inclined plane. When the angle of inclination is 30°, the body is about to slide down the 
plane. If the angle of inclination is increased to 60° what will its acceleration along the plane; [Ans, 5:66 ms 2) 
31. When the angle of inclination of an inclined is made 30°, a body placed on it is about to slide down. During 

the next 5 sec. it descends 15 m along the plane. Calculate the coefficients off static and kinetic friction. 
» — [Ans. u; 20:518: p, 20-411) 
32. A body is projected upward along an inclined plane of 30°. If the time of ascent be half of the time of 
descent, calculate. the coefficient of friction. [Ans. u = 0:346] 

D. Harder Problem : ; 


1. A body of mass m is sliding down an inclined plane whose length of the base is /, The coefficient of friction 
between the body and the plane is 0:14. Wha should be the angle of inclination of the plane so that the body reaches 
the bottom of the plane in minimum time ? [Ans. 49°] 


2. A box of mass 40 kg is kept on he horizontal floor of a truck which is standing on a horizontal road. ‘The 
coefficient of friction between the truck and the box is 0:2. At time ¢ = 0. the truck starts moving with an acceleration 
of 5 ms~. If the box initially be at a distance of 6 m from the rear end of the truck, calculate : (i) the time aller 
which the box will fall off the truck, (ii) the distance travelled by the truck during this time, (ii) the distance travelled 
by the box with respect to the road. [Ans. (i) 2 s ; (ii) 10 m ; (iii) 4 mJ 

3. A small body of mass.m is falling down an inclined plane of inclination 0. The coefficient of friciton is 


H —pgX where x = distance the body descends and p, is constant. (i) Calculate the distance along the plane when 


: 2 tan 0: E sind tan 0 n 
the body stops ; (ii) What is the maximum velocity along this distance. | “"5- nm au max = mias zu 


4. A body starts descending from rest from the top of an inclined place of inclination 1 : 2. It comes to rest 


at the bottom of the plane. If the upper half of the plane be smooth and the lower half rough show that, the frictional 
force of the lower half be equal to the weight of the body. 


5. A block of mass m is placed ona larger block of mass M. the two 


m blocks are connected by a string which passes over a fixed pulley [Fig. 10.31]. 
F Calculate the value of the applied force F so that the block M will move 
towards left with uniform velocity. [Ans. F = y (3m + Mg] 


6. A uniform ladder of weight W is kept inclined against a vertical 
wall with the base on the horizontal ground. The ladder makes 45? with the 
horizental. If the ladder is about to slide. calculate the frictional force of the 
ground. [Ans. F, = W/2] |J.E.E. 1983] 


Fig. 10.31 
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7. A uniform rod rests with one end on the rough ground and the other end on a vertical wall which is also 


rough. Show that when rod makes a minimum angle of or tin) dee H3) with the ground, it will start sliding 


à nits H2 
where y, = coefficient of friction between the wall the rod the Hz = the coefficient of friciton betweent the ground 
and the rod. 


8. The minimum force which can move up a body along am inclined plane is F. Show that the force required 


to be applied parallel to the inclined plane to move the body up the plane is F= vi + "e . where p = coefficient 
of friction. . 


9. A body of mass m is at rest on horizontal floor. the coefficient of 
friction between the body and the floor is p . Calculate the magnitude and 
direction of the minimum force required to move the body on the floor. 


u mg 


Jug ILL T. 1987] 


10. In the diagram the blocks A. B and C weight 3 kg, 4 kg and 8 kg s 
respectively. The coefficient of friciton between any two surfaces is 0:25. A Fig. 10.32 
is held at rest by a massless rigid rod fixed to the wall while B and C are connected by a light flexible cord passing 
round a fixed frictionless pulley. Find the force F necessary to drag C along the horízontal surface to the left at 
constant speed. [Ans. 784 N| 
11. Two blocks A and B of mass m,.and m, are placed on an inclined 
plane of inclination 0 as in fig. 10.33. The coefficients of friction between the 
blocks A and B with plane are m, and m; respectively (m, > m;). Calculate 
(i) force between the two balls when thy are moving and (ii) the minimum 
value of the angle 0 when the blocks are about to slide down. 


Ans. Fi = 


= 0 
Ans. (i) Fs ume lo = H2) 080. (5. iang a Mum em] 


my + my m +m Fig. 10.33 
12. A particle is moving down an inclined plane. The angle of inclination is 30° and the frictional force is 02 
times the normal reaction. What is the acceleration of the particle ? If the particle descends 1 m along the: plane. 


calculate the change of kinetic energy and potential energy ? ^ [Ans. 32026 cm s? ; 32026 ergs] [J.E.E. 1982] 


13. The rear end of a truck is open and a box of mass M is kept on the truck at a distance of 5 m from the 
open end. The coefficient of friction between the box and the truck is 0-15. If the truck starts moving with an 
acceleration of 2 ms~', calculate the distance travelled by the truck during the time, the box slides off the truck. 

[Ans. 189 m| 

14. A block (A) of mass 4 kg is kept on another block (B) of mass 5 kg. The block (B) in resting on a 
frictionless table. When a horizontal force 12 N is applied on the block A, the block B is just on the point of sliding, 
Calculate the coefficient of friction. What maximum force can be applied to the block B so that the blocks go 
together? What is the acceleration of the system now ? [Ans. 0306 ; 27 N. 3 ms?] 

: 15. A 0:5 kg block slides from the point A [fig 10.34] on a horizontal 
track with an initial speed of 3 ms~' towards a weightless horizontal spring, 
of length 1 metre and force constant 2 N/m. The part AB of the track is 
frictionless and the part BC has the coefficient of static and kinetic friction of 


ABD e 0:22 and 0:2 respectively. if the distances AB and BD are 2m and 2:14 m 
: respectively, find the total distance through which the block moves before it 
Fig. 10.34 comes to rest completely. g = 10 ms? [Ans. 424 m] |1.1.T. 1983) 


16. Consider a fig 10.33.. The masses of the block P and Q are 0.5 kg and 0:3 kg respectively. What is the 
minimum weight of A so that it does not move. The voefficient of friction between the block P and the table is 0:2. 
Now the block A removed. What will be the acceleration of the block P ? The coeficient of kinetic friction 
between the block P and the table is 0-15. [Ans. | kg ; 0275 ms ?] 


214 A TEXT BOOK OF PHYSICS 


17. A block of mass 20 kg is resting on a frictionless horizontal surface. A 
body of mass 2 kg is placed on the larger block. The coefficient of friction between 
the block and the body is 025. (a) If a horizontal force of 2 N is applied to the body, 
calculate (a) (i) acceleration of the block, (ii) acceleration of the body and (iii) the 
frictional force at the interface. (b) If the applied force be increased to 20 N calculate 

m the quantities as in (a). d i =e 
[Ans. (a) common acceleration = 0:09 ms? ; F8 N (b) 75 ms~, 025 ms? : 5 N] 
18. The time taken by a particle to descend a certain distance along a rough 
inclined plane is x times more than time taken by the particle to descend through the same distance along the same 
inclined plane when it is smooth. Calculate the coefficient of friction between the particle and the plane. 


| 


1 
[ins SE 3s sin 01? = AG sin® — ugcos0)x?r? ~. sind = x (sin8- p x [ans zle m I)tan 0 
x 


19. In the diagram 10.36, the mass of the block P is 100 kg. The coefficient of [P] 
friction between the table and the block is 03. For what maximum value of Q the R] 
system will remain in equilibrium ? [Ans. 103 kg] Fig. 10.36 
20. A string passes over a pulley fixed on a triangular a wedge. At the two 
A B ends of the string two blocks of masses m and 2m are connected as shown in fig. 


[10.37]. The coefficient of friction between the wedge and the blocks A and B 
are respectively 2/3 and 1/3. The blocks are released from rest. Calculate 


Us 2m (i) acceleration of the block A, (ii) Tension in the string, (iii) the magnitude and 
directien of the frictional force acting on the block A. g = 98 ms? 
Fig. 10.37 [Ans. (i) 232 ms (ii) 1:182 mg (iii) 0:707 mg (downward)| 


21. A conveyor belt is inclined at 30° with the horizontal and moving upwards with a velocity of 3 ms-!, A 
box is gently placed on the belt. If the coefficient of friction between the box and the belt is 0:8, calculate the 
distance moved by the box on the belt before it stops [Ans. 2:38 m] 


22. The time taken by a body to slide down a rough inclined plane of inclination 37° is three times. The time 
taken by it to slide down the same distance when the plane was perfectly smooth. Calculate the coefficient of kinetic 
friction between the body and the inclined plane. Given, sin 37° = 3/5, [Ans. 0:67] 


23. A block of mass 4 kg is on a smooth horizontal table. A body of mass 1-0 kg lies on the top of the block 
at one end of its length. The coefficient of friction between. the block and the body is 0-1. What should be the 
direction and magnitude of the force to be applied to the block so that the body begins to slide over the block 
forwards the other end of its length ? In what time will the body fall from the block if the applied force is 105 dynes 
and the length of the block is 50 cm ? [Ans. 49 N (in the opposite direction) ; the body with move with the block] 


|J.E.E. 1992] 

24. A plane is inclined at angle 0 with the horizontal and its frictional coefficient in H. Find the minimum 
force to be applied on a body mass m to move it up the plane and the direction the which it is to be applied. ` 
Ans. Frin = mg sin(0-- a), a = tan"! i] |J.E.E. 1994] 


25. A ball is projected with a velocity of 10 ms~! up an inclined plane of inclination 5 : 13. the coefficient 
of friction between the ball and the plane is 045. Calculate (i) distance travelled by the ball up the plane (ii) velocity 
when it returns to the point of projection and (iii) time taken to reach the point of projection. 


[Ans. (i) 465 m ; (ii) 8:27 ms-!; (iii) 2:05 sec.] 


STATICS 


TOPICS : Equilibrium of a body under a number of co-planer forces ; Equilibrium of 


a body under two forces ; resultant of parallel forces, centre of gravity, state of equilibrium of 
a body, Equilibrium and potential energy, Limit of stability, centre of mass, Examples. 


11.1. Introduction : 

Statics is that branch of mechanics which deals with the bodies at rest under the action of a system of 
forces. 

In this chapter we shall discuss the equilibrium of a body under a number of forces. When a body is 
at rest under the action of two or more than two forces, the forces are said to be in equilibrium. If the 
forces act on a body in such a way that the body moves with uniform velocity, even then the forces are 
said to be in equilibrium. For example, when a car moves on a level road with uniform velocity, the force 
exerted by the engine of the car is in equilibrium with frictional force and other opposing forces. 

A body in equilibrium under a number of forces, does not necessarily mean that the body is at rest. It 
means that the body has no linear and rotational accelerations. Evidently, due to the action of two or 
more than two forces, if there is no change of translational and rotational motion of a body i.e., a body at 
rest continues to remain at rest or a moving body continues to move with constant velocity (linear or 
angular) then the body is said to be in equilibrium. 

Hence a body is in equifibrium means— 

(i) Either the body is at rest or moving with uniform velocity. So the body has no linear acceleration. 

(ii) Either the body is not rotating or the body is rotating with constant angular velocity about a fixed 
axis. So the body has no angular acceleration. 

From Newton’s second law of motion we know that, an acceleration is created in a body only when 
an unbalanced force or torque acts on the body. Hence for the equilibrium of a body, the resultant of all 
the forces or the torques should be separately zero. 


11.2. Equilibrium of a body under a number of co-planer forces : 

We know that a body is in equilibrium, if it has no linear or angular acceleration. A body is said be in 
equilibrium if the following conditions are satisfied due to the simultaneous action of a number of forces. 

CONDITION - I: The resultant of all the coplaner forces acting on a body must be zero i.e., the 
algebraic sum of the resolved parts of all the forces along any two mutually perpendicular directions 


must be separately zero. 
It is called the condition of translational equilibrium. 


CONDITION - II : The algebraic sum of the moments of all the coplaner forces about any point in 
their plane be zero. 

This condition is called the condition of rotational equilibrium. 

Discussion : (i) When the first condition is satisfied, there is no unbalanced force acting on the body. 
Therefore, the body has no linear acceleration. Under this condition, the body will remain either at rest or 
move with constant velocity. Now, we consider two mutually perpendicular X- and Y-axis. To fulfil the 
first condition, algebraic. sum of the resolved components of the forces along X- and Y-axis be separately 
zero: It. F,. and By be the-resolved parts of any of the forces along. X' and Y-axis respectively then for all 


the forces X F,=0 and ZE,70 2.0... eene (11.1) 
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(ii) To fulfil the second condition, the resultant torque acting on the body be zero. Evidently the body 
has no angular acceleration. Let the coplanar forces acting on the body be F,, F, . . . etc and moments of 


all these force about a point in the plane are Lp L,.... Then the condition for rotational 
equilibrium is : 
TUTTI Sore 3i eA TCI ACA De im (11:2) 


It must be noted that for equilibrium of the body both the conditions must be satisfied simultaneously. 
Fulfilment of one condition at a time can not produce equilibrium. - 

€ Alternative statement of the first conditions : If all-the coplanar forces acting on a body be 
represented in magnitude and direction by the consecutive sides of a polygon taken in order then the 
resultant is zero. It follows from the polygon rule of addition of vectors. Hence 

Condition of translational equilibrium : YF, =0, LE =0 

Condition of rotational equilibrium : $, L=0 

F, 11.3.1. Equilibrium of a body under two forces : 


For producing equilibrium the number of forces acting on the body must be at 
least two. A body will be in equilibrium under the action of two forces F, and F, 


provided the following two conditions are fulfilled : 
(i) The forces must be equal in magnitude and oppositely directed. 
B (ii) The forces must have the same line of action. In fig 11.1, the body B is acted 
upon by the forces R and B- These forces must be acting along the same line and 


RRi 
F Now, net force and net torque acting on the body are zero. 
Fig. 11-1 11.3.2. Equilibrium under three forces : 


The following conditions are to be satisfied for a body to be in equilibrium under three forces. 

(i) The forces must be in the same plane. 

(ii) The forces must be concurrent. 

(iii) The resultant of any two of the three forces must be equal and opposite to the third force. 

(iv) The three forces be such that they can be represented both in magnitude and direction by the 
three consecutive sides of a triangle taken in order. This condition follows from the triangle law which 
can be stated as : 

If three concurrent forces be represented in magnitude and direction by the three sides of triangle 
taken in order then the forces will be in equilibrium. 


9 Lami's theorem : We can put the theorem in the following way : A body will be in equilibrium 
under three concurrent forces if each force is > 
proportional to the sine of the angle between the F, 
other two. 


Suppose, the three forces jn equilibrium are F,, F, * Y 
and F, and they are represented by the sides of a triangle p 
A ABC, taken in order [ Fig 11.2 ] 

F, F F. Et 
ed a ek F. 
Then, Sing snB sny oo (11.3) 3 


Fig. 11-2 


This is Lami's Theorem. 


Example 11.1 : An object of mass 20 Kg is suspended by two ropes. One rope makes an angle of 
60° with the vertical . What angle should the other rope make with the vertical so that its tension be 
minimum. Calculate the tension in both the wires. 
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Solution : The arrangement is shown in fig 11.3. The weight W = 20 kg is suspended by the ropes OA 
and OB. T, and T, are the tension in the ropes. OA makes angle 60° 
and OB makes angle 0 with the vertical. 

By applying Lami's theorem 

T, T w 5 W.sin 120° 


Sin(1809-8) sin120° sin(60°+0) "7 2. sin(60°+0) 
Now, for minimum value of T, sin(60°+6)=1; 60° +0=90 .. 0 = 30° 
2nd Part : Tension in the string OB, 
W sin 120° 

27 sin 90° 
and tension in the string OA, T, = 


43 Fig. 11:3 
erp es 20x 7-10 43 kg.wt 
W. sin® 1 
sin9p ^ 20x Be 10 kg. wt 

Ex. 11.2: A uniform ladder of mass 10 kg is inclined on a smooth vertical wall with its base on 
the floor such that the ladder makes angle of 45° with the vertical wall. Calculate (i) normal reactions 
on the wall and the floor. (ii) Frictional force on the floor. 

Solution : The ladder AB makes angle of 45° with the vertical wall as is shown in fig 11.4. Different 

forces acting on the ladder are also shown in fig. The forces are ( i) weight of 
A the ladder, W. (ii) the normal reaction N, on the vertical wall and normal 
reactions N, of the floor (iii) Frictional force F,. For the translational equilibrium 
of the ladder, N, = F, and N, = W, 

Next we take moments of all the forces about the point B. 

We get, N, x OA = W x BD 

N, x (AB cos 45°) = w.AB sin 45° > N,= 
-. Reaction at the wall = 5 kg. wt. 
and Reaction at the floor, N, = W = 10 kg. wt. 
Fig. 114 -. Frictional force between the floor and the ladder, F, = N} = 5 Kg. wt. 

Ex. 11.3: The weight of a uniform rod of length 6 m is 50 kg. wt. It rests with its upper end 
against a smooth vertical wall and lower end on a horizontal floor. Calculate the distance of the 
lower end from the wall when the ladder is about to slide. Coefficient friction between the rod and 
the floor = 0:3 [J. E. E. 2794 

Solution : In the Fig 11.5, different forces acting on the rod are shown in fig 11.5. Considering 
equilibrium of the rod, F, = R, and R, = W. 

Again F, =H R, -- R, = F, =R, - uW : 

Taking moment of all the forces about A, Ry X (OB) = Wx 5 (OA) 


X = Skg.wt. 


Ri x (AB sin 6) = 7. AB.cos 8 Or pW tan9 7 W 


nee 5 E 

> 0]-9230:3e 3 
| (OA ES 
TAPER ME Lon Hes Casca NN MOI EP] 
[9 OA x > o 

5 ¥36-x" 25 36-6 s YW 
CA cde MR "^ x-23.09m 
3 x 9 x Fig. 11:5 


+. Distance of the foot of the rod from the wall = 3-09 m 
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11.4. Resultant of parallel forces : 


When the lines of action of different forces acting on a body are parallel to each other then the forces 
are called parallel forces. If the parallel forces acts in the same direction they are called like parallel 
forces. On the other hand, if two parallel forces act in opposite direction then they are called. unlike 
parallel forces. 


The resultant of a number of parallel forces cannot be determined by parallelogram law of addition of 
vectors, as parallelogram cannot constructed. However, resultant can be determined by the method described 
below. 


I. Resultant of two like parallel forces : We consider two like parallel forces F, and F, as in Fig 
11.6. To find the resultant we apply the principle that the sum of the components of the forces in any 
direction is equal to the component of the resultant in that direction. 

We take any point O and draw a line OX perpendicular to the lines 
of action of the forces. Also we draw a line OY perpendicular to OX. 
Hence the line OY ‘is parallel to the forces. 


Let R be the resultant of the like parallel forces F, and F,. Now Fi 
and F, has no component along OX as it is perpendicular to the lines of 
action of the forces. So. R must be so directed that it also have no 
component along X-direction. Evidently R should be normal to the 
line OX and so parallel to the line OY. Hence the line of action of R is 
parallel to the lines of action of F, and F,. 


If we consider the components of the forces along OY the magnitude 
of the resultant is 


So, the resultant R is sum of the forces F, and F, 
@ Determination of position of the resultant : To find the position of the resultant, let X, and x; be 
the distances of the lines of action of F, and F, from the point O. Then the algebraic sum of the moments 
of the forces about the point O is = bel tie xF, 3 i 
If x be the perpendicular distance of the line of action of R from O then the moment of R about of O 
i isxR=x(F,+F,) i 
Since the moment of the resultant about any point is equal to the algebraic sum of the moment of the 
component forces we write x (F; +F, y=xF, tX E; 
* x; txE 
FEE 
Thus the resultant R is completely determined in magnitude, direction and line of action. 
We can also write the equation (1 1.5) in a slightly different form. Thus 
x(F,+F,)="F, +F, 
Or, F @-x)=F, G5 73) 
Or, F, (AC) = F, (BC) BAC 
It means that the point of application of the resultant force divides the line AB internally in the inverse 
eatin of the forces. 


se 
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II. Resultant of two unlike parallel forces. 


The Fig 11.7, F, and F, ( F, > F,) are two unlike parallel forces. 
Following the same procedure mentained earlier, it can be shown that the i 
resultant R = F, — F, and it will be parallel to and in the same direction as 
the greater force F,. 

The line of action of R is given by the relation 


5 rer nns (11.7) 
Fj -F, 
aluo £2... AC e Ed M LIRE CE (11.8) 
H BC Fig. 11-7 


So, the line of action of the resultant divides the line AB externally in the inverse ratio of the forces. 

III Resultant of any number of parallel forces, like or unlike. 

Assume that a number of parallel forces F, , F,..... etc are acting on a body. Their resultant may be 
found in the following way : 

If R, be the resultant of two parallel forces F, and F, then R, = F, + F;. Then combining R, and F, we 
get, the resultant R, = R, + E, = F, + F, + F}. Continuing in this way the resultant R is given by 

R=F,+F,+F,+..--..-- 

i.e., the magnitude of the resultant force in the algebraic sum of the magnitudes of the individual 
forces. 

If the forces are coplaner, the point of application of the resultant can be determined in the following 
way. — 

Suppose the distances of the lines of action of the forces F, E; E, .......- etc from the arbitrary 
point O lying in the plane of the forces be xy, x» «+» « - Also assume that the distance of R from the point 
O be x. Then the algebraic sum of the moments of all the forces about the point O is 

Fx, + Fox, Et. 
The moment of the resultant R about the same point = Rx. 
Re =F, + Fyfe. esse 


Fx] Ex, eee Fix, + Ex, +. DFx 
= = ee ee eee eum (11.9) 
R E+E ees XF : 
Example 11.4. P and Q are two like parallel forces. If the lines of action of P is displaced by x 
but remaining parallel to the previous line of action then, prove that their the resultant will be 


x 


displaced by zd LJ. E. E. 1980 ] 


Solution : Let P and Q act at the point A and B. The resultant ( P + Q 
) act at the point C. [ Fig 11.8 ] 


Now, let the force P is shifted to D and AD = x. The resultant now acts 
at E. Then 
X PQQEB Q, ETO DB, PIO AB-x 
Qu BE Vio: Dg te. Q - "ARIES 
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(P+Q) (AE) - (P *Q) x= Q.AB-Q.x 


AE- Q.AB + P.x 


+ 
Displacement of the resultant, x! = AE — AC 
.AB+ P. LA Pe 
, QAB+P.x Q AB P * (proved) 
P+Q P+Q P+Q 

Ex. 11.5: A uniform rod of length 10 m and mass 20 kg is placed on two supports at equal 
distance from the two ends of the rod. For what maximum value of the distance, the rod will not 
over turn if a man of mass 40 kg stands at any point of the rod ? 

Solution : On fig 11.8. The rod AB is of length 10 m. It is at rest on two supports placed at equal 
distance x from the rods A and B. The points of support are P and 
Q. So AP = BQ = x. Now, let the rod does not over turn even if the 
man stands at the end point B. Then the rod will not over turn for 
any position of the man on the rod. 

Considering the equilibrium of the rod, R, + R, = 60 Kg. At the 


20 Kg 40Kg limiting condition R, = 0. Now, taking the moment about B, 
Fig. 11-8 Ry (10—x) + Rox =20x5=100 
P 100 — 60x 
Or R,(l0-x)*(60-R,)x-100  - i era 


When the rod is about to overturn, R, = 0 
4 100-60x=0 *. x=167m 
Ex. 11.6: A light rod P is suspended at the two ends by two strings. Two weights 10 Kg and 5 Kg 


are suspended as shown in fig 11.9. T S 
If the system is in equilibrium, calculate the tensions l 2 
in the strings and the value of the angle 0. -8 6 cm 10 cm-»4 cm 45° 
Solution : The rod is in equilibrium under all the forces P 1 1 Q 
actin i Y M 
g on it. 
10 Kg 5Kg 
Hence T} cos 0 = T? cos 45° Fig. 119 
T. 
Tecos me, ene een een tt (i) 
1 42 s 
and T,sin8- T, sin45°=15 ~ T sing -15 e DR fe (ii) 
Taking moments of all the forces about the point Q, 5 x 0:04 + 10 x 0-14 = 0:20 Sin® x T, 
Or, 1-6=T, x0-2sin® => Tsn6280........ eee (iii) 
From the equation (i), (ii) and (iii) T, cos 0=15-T sin 8 
T, cos @=15-8=7 Y T2y847 =10-6kg.wt 


tan@=2=1-14 40 = 4848 


T, = V2 T, cos0 7 42x 7.0 9-9kg. wt 
T,-106kg wt, T,-99kg wt and @ -48'48' 
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Ex. 11.7: A wheel of radius 40 cm rests against a step of height 20 cm. What is the minimum 
horizontal force F to be applied perpendicular to the axle to make the wheel climb up the step ? 
The mass of the wheel is 2 kg. [LLT] 


Solution : As shown in Fig 11.10,/the wheel is in contact with the 
step at the point A. The body will be/able to climb up the step if the 
moment of the force F about the point A be greater than the moment of W 
about the same point A. Hence for minimum value of W. 


Fx(AB)=W(AC) > F=W.2c 
AB 


Now, AB=20cm, (AC)? =(OA)? - (AB)? = (40)? = (20)? = 1200 


poa 200 L.S agg Fig. 11-10 

Ex. 11.8: A uniform rod of length 6 m and having weight 20 kg is placed on Ed knife edges. A 
knife edge at one end A and the other knife edge at B which is a distance of 2 m from the other end. 
A load of 10 kg is hung from a point 1 m from the knife edge A. 
Calculate the reaction at the knife edges. 

Solution : The arrangement is shown is fig (11.11). The reactions 
at the point A and B are R, and R,. Considering the equilibrium of the 
rod, R} + R, = 10 + 20 = 30 kg. wt 

Now, taking the moment about the point A, 
10 x AD + 20 x AC = R, x AB 

or, 10x 1+20x3=R, x4 

ya s R,=175kgwt c R= 125 kg wt 


Fig. 11-11 
11.5. Centre of Gravity : 
A. body on or near the earth's surface is attracted by the earth towards its centre by a definite force. 
This force of attraction is the weight of the body. For a body of definite shape the force acts through a 
difinite point. This point is called centre of gravity of the body. 
€ Discussion : An extended body consists of large number of Y 


particles. Let the weights of these particles be wj, Wọ W3 . . . etc. 
Obviously, the earth attracts the particles with the forces w,, Wy - - 
. etc towards its centre [ Fig 11.12]. As the centre of the earth is at 
a large distance, all these forces may be taken as parallel forces acting 
vertically downwards. The resultant of all these parallel forces is the 
total weight W of the body. Hence, W= w twm twt.. 

The resultant force acts through a definite point ‘G’. The point G 9 Fig. 11-12 
is called the centre of gravity of the body. Hence— 

The Centre of gravity of a body is defined as the point at which the whole weight of the body 
acts. 

The centre of gravity (c.g) is a definite point with respect to a body of definite shape. The reason is— 
if a body is placed at any orientation, weights of différent particles forming the body remains same both 
in magnitude and direction. So the magnitude of the resultant of all there parallel forces remains same 
(equal to the weight) and line of action also remain unchanged. 

© Determination of c.g. of body : The position of c.g. of a body can be determined by method of 
finding the resultant of a number of parallel forces as discussed earlier. We consider the body as a laminar 
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[ Fig 11.12]. OX and OY are two mutually perpendicular axes and the axis. OX is horizontal. Let the 
co-ordinates of the particles of weights Wy Wy +. . be (xj yp» Qo yo» - 1. respectively. 

Hence the total weight W is W= Wy + Wo + Wa essere = yw 

According to the equation ( 11.9), x Co-ordinates of c.g. is 


(11.10) 


To obtain the y-co-ordinates we rotate the body so that y-axis becomes horizontal. Then y-co-ordinate 


WY) * W2y2 t e G Zw 
Ww, t Wo t Wa Fone wW 


ofthe c E a ye ee ee e a E ERE EE d (11.11) 


€ Some more points related to c. g. of a body : 

() For a body of difinite shape and volume, c.g. is fixed point . If the shape of the body changes 
position of the c.g will change although the weight of the body does not change. 

(ii). The position of c.g. may not necessarily lie withing the body itself in all cases. For example, a 
circular ring has its c.g. at the geometrical centre of the ring which is in empty space. 

(iii) The centre of gravity of a regularly shaped body can be located from symmetry consideration. In 
the table below we mention the positions of c.g. of some regular bodies. 


Position of e.g. 


(a) At the mid point of the rod. 
(b) At the centroid 

(c) At the point of interaction of two diagonals. 
(d) At the centre of the plate. 
(e) At the centre of the ring. 

(f) At the centre. 

At the mid point of the axis. 


(a) Uniform straight rod 

(b) A triangular plate 

(c) A rectangular plate 

(d) A circular plate 

(e) A ring shaped plate 

(f) A solid or hollow sphere 
(g) A cylindrical body 


€ Easy method of determining the e.g. an irregular body. 

The centre of gravity of an irregular lamina can be determined 
by suspending it from its different parts. Let the lamina is suspended 
from the point A [ Fig 11.13]. When the body is at rest, a vertical 
line is drawn through A. Evidently the c.g. of the body lies on that 
vertical line. 

Next the body is suspended from the point B. The c.g. will also 

T lie on the vertical line through the point B. So the point of intersection 
$ of these two vertical lines is the position of c.g. of the body. 
; m If the body is the suspended from another point C of the body, 
G) Gi) on weed í 
Fig. 11.13 the vertical line through C passes through the same point of 
intersection. 
Ex. 11.9 : Three particle of masses 1g, 4g and 5 g and placed at the corners of an equilateral. 
triangle of side 10 cm. Calculate the distance of the c.g. from the angular point when the particle of 
mass 1 kg is situated ? 


Solution : The given masses are placed at the points A, B and C of the triangle ABC [ Fig 11.14]. A 
is at the origin of the co-ordinate system and AB lies on the x - axis. 


—— m. 
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The co-ordinates of A and B are (0, 0) and (10, 0). The co-ordinates of C is ( 5, 5 A3). Let the co- 


ordinates of c.g. is (x. y) C 
Then oM ewe twara TX0* 4x10 DO. sem A 5g 
w +W + W3 1+4+5 ] 
amps Manat gs NOHOXIGE SIND 4 25 ] 
95 wi + W + Ws 10 man om i 


So the co-ordinate of c.g is G (65 cm, 432 cm) 
. So, the distance of G from the point A is lg 


-x-oy +(y- 0 = (6-5)? + (4-32) =7-81em rig 11:14 


Ex. 11.10: The diameter of a uniform circular plate is 56 cm. A circular portion of diameter 42 
cm is cut off from one side of the plate. Calculate the position of the centre of gravity of the remaining 


portion. 
Solution : Initially, the c.g lies at the centre of the circular plate, G. The centre of removed circular 
portion is at A [ Fig 11.15]. So, the c.g. of the removed portion was at A. 
Let the c.g of the remaining portion be at C. Now assume that mass per unit area 
2 


of the plate be p. Then the mass of the whole plate is M — mrp = np (28) cm 
mae mass of the removed circular plate is, m = Tp oiy cm 
So, the mass of the remaining portion, n, = M-m 
m, = p ((28) - Q3] = mp x 49 x 7 cm. 
Now, taking moment about the point G, mg (AG) = m$ (CG) 
np 21? xAG = mpx49x7x(CG) 


QGs 95-4. OG OA 228-212 
"GO eos AG 2 OG - OA - 28 2127 cm 


cG=2x7=9em So the c. g- is shifted by 9 cm from G. 


> 


m m 
Fig. 11-15 


11.6. State of equilibrium of a body : 
The conditions to be fulfiled for the equilibrium of a body are (i) The algebraic sum of the X- and Y- 
components of all the forces acting on the body must be separately zero. 


(ii) The algebraic sum of the moments of all the forces acting on a 
body about a point should be zero. 
The equilibrium of a body may be any of the three types : (i) Stable 
equilibrium, (ii) Unstable equilibrium and (iii) Neutral equilibrium. 
In fig 11.16, three types of equilibrium are shown. (i) (ii) (iii) 
For these three types of equilibrium of a body, the general condition Fig. 11-16 
which must be satisfied is : 
The c.g. of the body must be at the lowest portion. 
I. Stable equilibrium : Let a body is slightly displaced from its equilibrium position. In the displaced 
position, if a couple acts in such away 
that it returns to its original position, 
then the equilibrium of the body is stable 
[ Fig 11.17 (a) ] when a cone is kept on 
a table with its base on the table then its 
equilibrium is stable. Also, à funnel 
resting on its mouth [ Fig 11.17 (b) ]is 


R 
an example of stable equilibrium. Fig. 11-17(b) 


Fig. 11-17(@) 
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When the cone of fig 11.17(a) is slightly displaced, the weight of the cone W and normal reaction R 
form a couple which finds to bring the cone to its suitable stable 


Position. For stable equilibrium the c.g. of the body lies in the 
lowest position. 
R II. Unstable equilibrium : Suppose the body is slightly 
displaced from its equilibrium position. In the displaced position 
R ifa couple acts in such a way that it increases the displacement 
E still further, so that the body does not return to its original position 
ig. 11-18 : Ka. Meg 
and ultimately over turns, then it is a case of unstable equilibrium. 
For example, let a cone resting on its apex is slightly displaced [ Fig 
11.18 ]. The couple acting on it tends to increase the displacement. The R 
cone upsets. In this case the c.g. of the cone is at the highest position. 
* More example of unstable equilibrium : 
(i) A funnel balanced on its stem WwW 
(ii) A stick held upright on the tip of a finger. Fig. 11-19 


III. Neutral Equilibrium : A body is said to be in neutral equilibrium, when the body remains in 
equilibrium even it is displaced from its initial equilibrium position. 

Here the body is in equilibrium for all its position after it is displaced. 

For example, a cone resting on its side is the neutral equilibrium [ Fig 11.19]. After a slight displacement, 
the weight and the reaction still act along the same vertical line. Hence the cone remains in equilibrium in 
its new position. Here the height of c.g. does not change with the change of position of the body. 

*. More examples of neutral equilibrium : (i) A sphere resting on a horizontal surface. (ii) a cylinder 
resting on its side. : 7 

A discussion : (i) The nature of equilibrium depends on the Position of c.g. A body always tries to 
occupy a position for which its c.g. be at lowest height above the ground. When this condition is fulfilled 
the equilibrium is stable. ^ 

On the other hand, if the c.g. be at maximum height from the ground, the equilibrium is unstable. 
When it is slightly displaced, the body tends to have a position where its c.g. is at lowest height. As a 
result the displacement from its equilibrium position increases. It is a case unstable equilibrium. 

Even in the displaced position, if the height of c.g. does not change, the equilibrium is neutral. 

11.6.1. Equilibrium and Potential energy : 

A body always tends to have minimum gravitational potential energy. So, when the e.g is at the lowest 
Position, potential energy is minimum. The body will be in stable equilibrium. : 

When the c.g. is at the highest position, potential energy is maximum. It is a case of unstable equilibrium. 
A slight displacement lowers the c.g. and thereby lowers the potential energy of the body. The body 
therefore, always finds to move to a more stable position. í 

A neutral equilibrium occurs when on a little tilting, the c.g. is neither lowered nor raised and so its 
potential energy remains unchanged. The body thus remains stable in any position. 

‘= 11.6.2. Stability of equilibrium : Toppling of a body : 
hs An equilibrium is stable when the system returns to its original position after 
[c.g ] being slightly displaced. Condition of stability is that the vertical line through the 
Rae centre of gravity must pass through the base of contact of the body. So, a body 
will topple unless the vertical line through its c.g. passes through the base on which 
p it is supported. Try piling up bricks one above the other, but slightly displaced to 
T one side [Fig. 11.20]. Soon the pile will topple. It occurs when the vertical line 
Fig. 1120 through the c.g. of the pile moves outside the base offered by the lowest brick. 
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Place a cylinder on an inclined plane and gradually increase the angle of inclination. The cylinder will 
topple as soon as the vertical line through its e.g. moves out of its base [Fig. 11.21]. 

In what position will a body will attain stable equilibrium ? The law governing 
the stability is that a body will attain stable equilibrium if the vertical line G 
through its c.g falls within the base offered by the body. 

Quadruped animals like cow, horse etc can easily stand upright and walk without 
previous training. But biped creatures or human beings can not do so. They have 
to learn walking. For quadruped animals the base determined by the four legs, is i 
extensive and the vertical line through the c.g. of their body easily remains within Fig, 11:21 
its base. But for a biped the base is not so extensive and hence they require to learn 
the process of walking. 


11.7. Limit of Stability : 

From the law of stability we know that a body acquires a stable equilibrium if the vertical line through 
its c.g. falls within the base of the body. 

We consider a cone resting on its base. In fig 11.22(a) The cone is tilted slightly. Its weight W and the 
raction R no longer act along the same 
vertical line and forms a restoring couple 
and the equilibrium is stable. As tilt 
increases the line of action of W shifts 
till as in fig 11.22(b) W and R are 
collinear, equal and opposite. This is the 
condition of limiting equilibrium. If the 
: : 1 cone is further tilted the line of action of 
*(a) (b) (c) W goes beyond the base and with R it 
forms a toppling clockwise couple and the 
cone is upset. 

Example 11.11 : Calculate the maximum height of a uniform cylinder of diameter 6 cm that can 
be placed on its base on a rough inclined plane of angle 30° without the cylinder toppling over. 

Solution : As in fig 11.23 the cylinder C is on the inclined plane of inclination 9 = 30°. When the 
height is maximum (= 2A) so that the cylinder just does not topple, two vertical line through the c.g. G of 
the cylinder passes through the extreme point A of the base. i 

The C. G. is at a height ‘h’ and Z AGO = 0 = 30°. From the triangle AGO 


*— Retums 


Fig. 1122 


AO r t 
AO =tanO=tan30° .. —=—= 
og a h^ 45 
hor43 = 343 cm 


Maximum height of the Cylinder — 643 cm 


11.8. Centre of mass : 

In gravity free space, the term centre of gravity will have no significance. But mass of a body always 
and everywhere remains the same. So centre of mass has a significance under all circumstances. 

When a body is put to spin in air, it will rotate smoothly about its centre of gravity. In free space it will 
spin about its centre of mass. The two points coincide when g is same all over the body. In general the 
centre of mass of a body is a point where the entire mass may be supposed to be concentrated. 

Centre of mass of a body may also be defined as a point such that if the line of application of applied 
force passes through this point. It will produce only translational motion of the body, and cause no rotation. 


Phy (D)—15 


Fig. 11.23 
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The existence of the point may be tested easily by the following experiment : 

A book is placed in a smooth table. It is pushed by a pencil. In general it will move and at the same 
time rotate. But when the line of action of the force passes through the mid point of the book, it will move 
and will not rotate. The mid point is called the centre of mass of the book. 

Next we consider a plane through the centre of mass ( c.m.) of the body. Then the sum of the mass 
moments of all particles on the left of the plane will be equal to the sum of the mass moments of all the 
particles on the right of the plane. 

Example : (i) We consider two spheres A and B having masses m and m, [ Fig 11.24 ] . The centre 
m, of mass of the system (P) will lie on the line joining the centres of 
the two spheres. Hence m,r, = m,r, . If we consider a plane passing 
through P and perpendicular to the line AB, then m,r, is the mass 
ey moment of the sphere A and m,r, is the mass moment of B. 


P 


(ii) Let a rigid body consists of large number of particles of 
Fig. 1124 masses m, m», m... . . etc. 

Then total mass of the body, M = m, + m, * ..... = Ym 
and weight of the body, W = m,g + m,g + mg = Mg 
Here g is the acceleration due to gravity. We can express the equations (11-10) or (11-11) as follows 
EDU and L0» Mie ott Boxes (11.12) [ M = mass of the body] 

From there two equations we can fix the position of a point. This point is called centre mass of the 
body. 

Definition : If a system of like parallel forces acts on the particles in which the body is divided the 


magnitude of force on each particle being proportional to its mass, then the point through which the 
resultant of all these parallel forces acts is called the centre of mass of the body. 


@ C. M. of regular shaped bodies : The 
centres mass of bodies with regular shape as shown 
in fig. 11.25 are situated at their respective 
geometric centres. A plane passing through this 


points divides the body into two equal parts. Fig. 11:25 

€ C. M. and C. G. of a small body coincide : If the attraction of the earth on every part of a body 
is same, the centre of mass of the body coincide with its centre of gravity. However, if the attraction is 
different in different parts, the C. M. will not coincide with C. G. For a body of large size, the gravitational 
attraction is not same at all parts of the body. So its C. M. will not coincide with C. G. 

Ex. 11.12 : A cylindrical can of height 40 cm is half full with water and has no lid. The radius of 
the can is 5 cm and surface density of the material of the can is 10 g / cm. Find the position of 
centre of mass of the body. 


Solution : R is the position of centre of mass of the cylindrical can when it is 
empty. The height of R from the base is 20 cm. 

Mass of the empty vessel = x rd. g + 2nrhdg 

Here d = surface density of the material ; h = height of the vessel. 

Mass of water in the vessel = m. 5°. 20. 1. g = 500 ng 

C. M. of this water column lies at Q at a height of 10 cm from the base. Also 
centre of mass of the base lies at its centre at P. 

Now let the centre of mass of the system is situated at a height x from the point P. 
Taking the moments of (i) mass of the curved surface (ii) water in the vessel and 
Fig. 11:26 (iii) total mass of the vessel with water about the P we get, 
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PR x 2nrhdg nr? d x1x gx PQ = mr2dgx + 2nrhdgx + nr? Rox 


Or, DA KPR rA PO = ide + Didi rx 


or, 20x2x10x40+5x20x10=x[5x10+ 2x40x10-- 5x20] 
*, x= 01789 cm” 
Ex. 11.13 : Prove that if equal weights are suspended from the three angular points of a triangle, 
the centre of mass of the weights will coincide with the centre of mass of the triangle. 
Solution : In fig 11.27, ABC is a triangle, AD is a medium and A 
G is the centroid. At the points A, B and C three weights each 
equal to W are suspended. 
Now, the resultant of the weights at B and C is 2W. It acts at 
the midpoint D of BC. B C 
The resultant of weights 2W and D and W at A is=2W+W= , 
3W. If this resultant acts at G, then om Pah W 
2WxDG=WxAG = AG=2DG PRA. 
So, G is point of intersection of three medians and centre of mass. 


e SHORT ANSWER TYPE QUESTIONS (With answers) € 


Q. 1. Can a body be in equilibrium if two unequal and co-planer force acts on the body ? 

Ans. : If due to the application of the two forces, only linear motion is generated then the body will 
not be in equilibrium. But if circular motions are produced in the body then equilibrium may be produced 
due to the two unequal forces. In this case lines of action of the two forces be such that the moments of 
the two force about the axis of the circle will be equal and opposite. 

Now, let the two forces be F, and F, at the distances x, and x, from the axis. Then F,x, = Fx). 

Q. 2. What are the condition of equilibrium of a body under a number of forces ? 

Ans. The required conditions are : (i) The forces be coplaner, (ii) The resultant of the forces be zero. 
It means that the forces can be represented by the sides of a closed polygon taken in order. (iii) The 
algebraic sum of the moments of all the forces about a point in their plane will be zero. 

Q. 3. When a stone is thrown vertically upwards, it stops momentarily at the highest point of its 
path. Is the stone is in equilibrium at the point Z 

Ans. Although at the highest point of its path the stone is momentarily at rest, it is not in equilibrium. 
Reason is — at the highest point, its acceleration is not zero. Acceleration due to gravity acts on the 
body. A body is in equilibrium if the body has no acceleration ( linear or angular). 

Q. 4. Does CM of the body coincides with its C.G ? 

Ans. See Art 11.8. 

Q. 5. The length of the three sides of a parallelopiped of mass m are 1, 21 and 3l. The body is 
placed on a horizontal surface. For what position of the body, it will be most stable ?[ J. E. E. '88] 

Ans : The parallelopiped will be most stable if it is placed on the horizontal floor with the base 
formed by the sides 2/ and 31. So, the length / of the side will be the height of the parallelopiped. Reason : 
We know that the position of a body is most stable if its c.g. is at lowest position and also potential energy 
is minimum at this position. A body always finds to have minimum potential energy. Now, the c.g. of the 


body will be at the lowest position (at > from the ground) if it is placed on the floor with the base 
formed by the sides 2/ and 3l. 
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Q. 6. How can you get actual mass of a body if the lengths of the two arms of a common balance 
are unequal ? 


Ans: Let the actual mass of the unknown body be m. The lengths of the left and right arm of the 
balance be x and y [ Fig 11.28(a) ]. At first the unknown body 


X z is placed on the left pan and m, is the mass of the 
counterpoising weights on the right pan. 

uet fo: à 

mx-my io gat Get etr ; 
m m, m m Next the unknown body is placed on the right pan and the 

(a) à $ (b) required counterpoising weight on the left pan is m, 
Fig. 11-28 Inox Gi) 
cites ol pata 
From the equation (i) and (ii) , AT A^ me Jmm, 
m m 


Q. 7. The lengths of two arms of a common balance are equal but the weights of the pans are 
different. When a body is placed on the left pan it weights m, and when placed on the right pan it 
weights m,. What is the actual weight of the body ? 

Ans. Assume that actual weight of the body be m. Weights of the left and right pans be wi and w,. 
Since the two arms are of equal length then, in the first case 


m+ wj =m, + w and in the second case, my +w =m +w 
(m+ w,) + (m+ w,)2 m +w +m + wi 
2m =m, +m v m=} (m, +m;) 
Q. 8. A light ping pong ball is floating on a fountain of water. What is the nature of equilibrium 
of the ball in the vertical direction ? 
Ans. In the vertical direction the ball is the stable equilibrium. 


Explanation : The floating ball is acted upon by two forces : (i) weight of the ball (acting downard) 
(ii) upthrust of water. It floats because its weight is balanced by the upthrust. 


If the ball is displaced in the upward direction, the upthrust of water decreases. As the weight of the 
ball remain unchanged, it will return to its initial position. 

Now, let it is displaced in the downward direction. Upthrust increases. So it returns to its initial 

' position. : 

Q. 9. Two balls A and B have mass m, and m, are initially at a certain separation. They are 
attracting each other with a constant force. If no external force acts on them what will be the 
motion of the centre of the mass of the balls. ; 

Ans. As no external force acts on the balls, the centre of mass remains stationary. It will have no 
velocity. 

Proof. : Let after a time t, A moves with a velocity v, and B moves with velocity v,. Assume that 
velocity of C. M is v. Now, by the principle of conservation of momentum 


is Le 
my +m )v=my + myv4 => v2 ———— ——— 
(m +m) ario m +m, 
Mutual force between the balls is constant ( say F). So, the ball will have constant acceleration. If a, 
be the acceleration of A and a, be the acceleration of B then, v, = a,t and v, = — a,t 
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mv, 7 mya,t =m, —t — Ft and my, = may ec mtus Ri 


v + mv. es 
Vra a Da SUE Ft-Ft 0. So centre of mass will have no velocity. 
m tm, My +My 
Q. 10. A heavy wheel of weight W and radius r rests against an obstacle of height h (h <r). A 
horizontal force P is applied through the centre of the wheel. Show that the wheel will overcome the 


V2hr-h2 
r-h 
Ans. As shown in fig 11.29, P is the horizontal force applied through the centre O of the wheel of 

radius r and weight W. The height of the obstacle is h. Now the wheel will 

overcome the obstacle if the moment of the force P about the point B is 
greater than the moment of the force W about the same point. 


BD 
PxOD>WxBD PW 
x 2Wx or, OD 


Here OD=r-h, BD= /0B?-OD? = 2 (rh)? =V2rh—h2 


obstacle if P >W 


P>W. =F Fig. 1129 
Q. 11. At what height from the bottom of vertical pole should one end of a rope of length 1 be 
fastened so that a person standing on the ground and pulling the other end of the rope with force F 
may have the best chance of overturning the pole ? 
B Ans. Let the rope is fastened at a height A [ fig 11.30 ]. The 
Fcos0 rope is inclined at angle 0 with the horizontal. The component 
cos F sinO has no effect on the pole. The moment of the effective 
component F cos @ about the point A of the pole is 


FsinO |h F =F cos 0 x h = F cos 0 x Isin 0 = > FI sin 20 


e The person will have best change to overturn the pole when 
the moment is maximum i.e. sin20 is maximum. 
Fig. 11-30 = sin20=1 +. 0 245 


A 


| í A L 
s^ h=lsin@=lsin45° =——=0-7071 
| iA 


| Q. 12. How can you measure the weight of a body which is greater than 
| the maximum reading of a spring balance ? 
Ans : By applying the principle of lever, we can measure the weight of a 
body higher than the maximum reading of a spring balance. 
Method : Consider the fig 11.31 OP is a rigid rod which can rotate about Q 9 
the point O. Evidently, O is the fulcrum of lever. A spring balance is connected E 
at the other end P of the rod. The load to be measured is suspended from the 
point Q of the rod. If the balance gives maximum reading R then, wW body 


OE ra 
WxOQ-RxOP “` Wek os Since OP» OQ, W>R Fig. 11-31 


Thus we can measure larger weight that the maximum reading of the spring balance. 
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Q. 13. A solid cone of height h and having r as the radius of its circular base is placed on an 
inclined plane. For what minimum value of the angle of inclination, the cone will overturn ? 


Ans. We know thata body will overturn if the vertical line passing through the c.g. if the body does 
B not pass through any point of its base in contact with the plane, Hence if 


the vertical line drawn from the point G ( c.g of the cone) passes through 
any point of the base AD of the cone, it will not overturn [ Fig 11.32]. 


D Now, the height of c.g. of the cone from the base is 4° Let when the 
iN [o angle of inclination is 0, the line of action of the weight of the cone 
$ w passes the extreme point A of the base. So the angle 0 is the maximum 
zem angle of inclination of the plane when the cone is about to topple. Hence 
Fig. 11.32 Z AGC- 0 
A 


h 
AC = tan, Hence AC =r and coy 


E E ET E E 
Gn DES “tan (£) 


Q. 14. Show that the centre of mass of three particle of equal mass A 
placed at the vertices of a triangle lies at the centroid of the triangle, 


Ans. D is the midpoint of the side BC of the triangle ABC. Let the mass of. 
each weight placed at the points A, B and C is W. Now, the resultant of the 
weights placed at B and C is 2W and it acts at D. Again the resultant of the 
weight W at A in the weight 2W at D acts through G [ Fig 11.33]. Then 


WxAG=2WxGD .. AG:GD=2:1 


It means that G is the centroid of the triangle. So the centre of mass of the — P D: * 
system of three particles coincides with the centroid of the triangle. Fig. 1133 


* MISCELLANEOUS PROBLEMS e 


Exmaple 11.14 : The weight of a triangular board is W. Three persons carry the board by holding 
at the three angular points. Calculate the weight carried by each person. 


Solution : The weight of the board acts at its centre of mass which is situated at the point of intersection 


of the three medians. Let the three persons at the angular points A, B and C carry load W,, W, and W, 
respectively, 


Hence W = W +W, + W, 


The resultant of the two parallel forces W, and W, at B and C is the force (W, + W.) which acts at D 
on the line BC. 


So, BD: DC = W, : W, 


Again, the resultant of the force W, at A and the force (W, +W,) at D acts at the point G on the line 
AD. So, AD is a median of the triangle. .". (W,+ Wy: W, =AG:GD=2:1 


e Wy +W;=2W, 5 Wi +W, +W;=3W, of, W=3W, 
Ww 1 1 
Ww = Similarly, W SW and W3 = 3v 


1 
So, each person will carry 3W or one-third of the weight of the board. 
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. Ex1145: A uniform ladder stands with one end resting against a rough vertical wall and the 
other end on the rough ground. Show their the minimum angle of inclination of the ladder with the 


horizontal be © when the ladder is about to slide, where 0— w(t 
Where u, = Co-efficient friction between the ladder and the wall : 
and pọ = Co-efficient of friction between the ladder and the floor. 
Solution : The arrangement is shown in fig 11.34. The different forces acting on the ladder are shown 
in fig. As the ladder is in equilibrium, total force and total torque acting on the ladder will be zero. 
SORQSE) -HBjR? or Ro gRQ2W 
Now, taking the moment about the point A, we get 
R, x (OB) = W x ON +F, x (OA) 


Ry X(AB cos 6) = Wx-> AB cos 0 + tj R;AB sin 


Ww 
w Riri 
“cos 8 (s -¥) =—2R,sin0 ~. tanĝ= 
2 H2R2 


Now, W=R +H ,Ry = R2 * uji3Ra 7 Ro (L--1415) 


WwW R 1 
Ric Re y(t Hia) = 5 Re (1- mm2) 
.1R (1= Hy) _ 1- pitt 


2 wR, — 25 
Ex. 11.16 : A minimum force P along the plane can keep a body of weight W at rest on an 
inclined plane. Again a horizontal force Q can also keep the body stationary on the inclined plane. 
1 1 1 


Fig. 11:34 


tan 0 [ Proved ] 


If in the two cases, the reaction on the body be R, and R, then show that p Q? -- wi and 
=w2 
RR, =W 
Solution : In fig 11.35 (i) the force is applied along the inclined plane of inclination 0. Considering 
the equilibrium of the body, 
S P-W.sin, R,- W.cos0 


In fig 11.35(ii), the force Q is applied 
horizontally. 


W cos 0 


aS +Q sin 6 Q cos0 - W.sin 0 
(ii) and R, =W cos 0- Q sin 0 
Fig. 11.35 E R R, = W? cos? 0 +W Qsin 0.cos 0 


=W? cos? 9 W? sin?® [W sin0 — Q cos] 
aw? 
RjR, =W 
ET Poor es PME -4 pam E: 
Again, p2 Q? w2sin?@ W?tn?0 W?Vsin?0 tan?0/ W? 
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Ex. 11.17 : Two cylinders each of length 10 cm are made of same material. Their diameters are 


6 cm and 3 cm respectively. If they are joined co-axially, calculate the centre of mass of composite 
cylinder. 


Solution : Let G, be the C. M. of the first cylinder and G, be that of the second cylinder. C. M of the 
composite cylinder is at G. Evidently the points G, G, and G will lie on the common axis. 

Now, the mass of the first cylinder, W, = x (3) ? x 10 pg = 90 mpg It acts through the point G,, 

and the mass of the second cylinder, Ww, = (1:5y? x 10 pg 2 22:5 npg 

It acts through the point G, 

Here p is the density of the material of the cylinder. 

Now, G,G, = 10 cm and let GG, = x cm 

^" W,x=W,(10-x) Fig. 11-35 
Or, 90npgx 2225 mpg (10—-x) .. x=2cm 
So, the CM of the composite cylinder will lie at a distance of 2 cm from the CM of the first cylinder. 


Ex. 11.18 : A paper covered book, 10 cm broad when closed, has 100 leaves including the cover. 
Show that as each page is turned by a reader the C. G. of the book shifts 1 mm to the left. 


Solution : Let weight of each page is w and at any time n number of leaves have been turned. 


folded portion Mass of n leaves = nw acting at G,. 


Here G, is the mid point of turned pages (Fig 11.36). Weight of the 
remaining pages on the right is = (100 — n ) w which acts at G, 


G, is the midpoint of the pages on the right. So G,G, = 10 cm. 
Now, let the position of C.G. of the book is shifted to G and GG, =x. 
So, taking moment about G. 

nw GG5 =(100—n)w. GG, 


Fig. 11:36 


nw(10-x)=(100-x) w.x s x=7pem 


A 
. When one page is turnned C. G. of the book shift To omor 0-1 cm to the left. 


Ex. 11.19 : A light and inextensible string is wound on a cylinder of mass m. At what minimum 
force and at what angle the string be pulled so that the cylinder will remain at the same place ? pis 
the coefficient of friction. : 


Solution : The cylinder is in translational equilibrium but not in rotational equilibrium. Let T be the 
applied force on the string at an angle œ with the horizontal. Considering the translational equilibrium of 
the cylinder we get, T cos œ = u N and T sin œ + N = mg 


N 
T cos o. 2 u (mg — T sin a) 
Tome 
T i T 
cos Œ + LL. sin ox 
ba omg sin o a ae a 
Now, p «tani, T eR [ À = angle of friction ] [x uN 
Now, T will be minimum when cos (a — À) = 1. Wo «pex mg 


p mg 


f: US H l 
FESTE FESTE 


Fig. 11-37 


Trin = mg Sin & = 


STATICS 233 


Ex. 11.20 : Two spheres of mass 3 kg and 12 kg are connected by light spring. The spring is 
stretched to make the separation between the two centres of the sphere 80 cm (i) Obtain the position 
of the centre of mass with respect to the bigger sphere. (ii) After the release of the spheres what 
would be the separation between the spheres when the first sphere is displaced by 8 cm from its 


initial position ? 
M——— 80cm. —— —» 


Solution : (i) Let the centre of mass of the system is situated at a G 
distance of x cm from the bigger sphere. e 0000000 00 00 (is) 


..12x043x80 _ 240 O MK— x —» 
x= OO = = 16m Fi 
ig. 11-38 


So, the c.m. of the system is at a distance of 16 cm from the centre of the bigger sphere. 

(ii) When the spheres are released they will approach each other. As no external force acts on them, 
the position of c.m. will not change. So, the shift of the bigger sphere is 16 — 8 = 8 cm. If the distance of 
the smaller sphere be x, from centre of mass, then x,x3=8%12, ~. 4) = 32 cm 

*.. New separation between the spheres = 8 + 32 = 40 cm. 

Ex. 11.21: A flat bottomed glass tube has a diameter of 4 cm and weight 30 g. The c.g. of the 
empty tube is 10 cm above the bottom. Find the amount of water which must be poured in the tube 
so that when it is floating vertically in a tank of water, the c.g. of the tube and the contents is at the 
midpoint of the immersed length of the tube. [ J. E. E. 1993] 

Solution : Consider the fig 11.39. P is the position of the c.g. when the tube is empty OP = 10 cm. It 
is filled with water upto B. AB =h cm Q is the midpoint of water column. 

Under this condition, let the c.g. of the whole system be at R. The length of the part of the tube 
immersed under water, AC = 2. (OR) d 

Volume of water in the tube = 7 Q’ x h= 4 nh c.c. 

. Mass of the tube with water in it = ( 4 th + 30 ) gm 
If d cm of the tube be under water then by the condition of floatation, T (2) xdz4mha 30 


423 ELOR) 
4n 
Now, taking the moment about the point R we get, 
4th (RQ) =30(PR) = 4mh(OR-— OQ) 30(0P— OR) 


Or, 4th (5 EE 2) =30 (10 = 2) 
2 2 
1(30 hl. APTAS] 
amn [E (38.61) 5] -so[ro 4 (2 +n)| 
Fig. 11:39 s A-8 806 cm 
Required mass of water = 4 t x 8:806 = 110-61 gm 


| 
Ex. 11.22: Some of the hawkers purchasing old news papers keep — kg. wt together with a 


faulty balance having unequal arms. He readily agrees to weigh by placing the papers alternately on 
two pans. Show that he wins for every kg. [ The effect of buoyancy may be neglected] [J. E. E. 2001] 


Solution : Let the length of the two arms of the faulty balance be x and y ( x > y ). At first the paper 
is placed on the right pan [ Fig 11.40(i) J. Let the weight placed on the left pan is W = 3 kg and when 
W, kg paper is placed on the right pan the balance becomes horizontal. 
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x X oe bi. k Id 
x»y So, x W = y. W, a Wade Mags 
Next the weight W is kept on the right pan and Ww, 
Kg of paper is placed on the left pan [ Fig 11.40(ii)] 
wW Wi When the balance is horizontal Wix=y.W 
weight Paper Paper weight ~ W.=W X 
G) (ii) S UP us B 
Fig. 11:40 


^. Paper received by the hawker is 


2 2 ik 
we, 2w(Ee2)- st ty yw =») *2x 
y x xy xy 
2 2 2 
=W TE sail 248 3) »j 141 y) 
ay 2 xy 20 xy 


(W,+W,)>1kg [ -(x-y) ? is positive quality ]. Hence the hawker is taking paper more than 


1 kg. So he is gaining. 


A. Short answer type questions : 


1. 


11. 


m 
= 


15. 


16. 
17. 


What is meant by equilibrium of body ? State the conditions of equilibrium of a body under a number of 
coplaner forces. P [ H. S. 1989 ] 


. Write down the conditions of equilibrium of a body acted on simultaneously by a number of co- planer forces. 


[ H. S. 2000, 2002] 


- Mention the conditions of equilibrium of a body acted on by three coplaner forces. 
- (a) What is condition of equilibrium of a body under two forces ? 


(b) Can four vectors which are not co-planer produce equilibrium ? Give reasons. [ J. E. E. 2001] 


- Define centre of mass and centre of gravity. Are these two points always coincident ? 

. Can a body have more that one centres of gravity ? 

- Does the centre of gravity always lie within the material of the body ? Give examples. 

- Why it is easier to stand on two feet than on one foot ? 

- -Why is standing not allowed on the upper deck of a double decker bus ? 

. It is convenient to carry two heavy objects on two hands than one heavy object in one hand. Why? 


The lengths of the three sides of a parallelopiped are a, b and c (a > b > c). How it be placed on a horizontal 
surface so that its position be most stable ? 


A number of force acting at a point are such that they can be represented in magnitude and direction by the 


sides of a closed polygen taken in order. Determination the resultant of the forces, 
: (J. E. E. 1995] 


. The lengths of the three sides of a parallelopiped are /, 27 and 31. It is placed on a horizontal plane. How it shall 


be placed so that it is most stable ? Show reasons. [ J. E. E. 1998 ] 
The lengths of the two arms of common balance are unequal. How can you get the actual mass by this balance? 
A trader uses a faulty balance to sell tea. The lengths of the two arms are L and L,. He sells W kg tea to two 
customers. It the case of first customer he put the measuring weight on left pan and for the other on the right 
pan. Is he gaining or losing ? 

What is the nature of equilibrium of long stick held in equilibrium on the tip of a finger ? 

How a funnel be placed so that its equilibrium be (i) stable (ii) unstable or (iii) neutral. 


18. 


19. 


20. 
21. 


22. 
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The we arms of a common balance are of equal lengths. But the weights of the two pans are different. When 
an object is placed on the left pan, it weights W, and when it is placed on the right pan it weighs W. What is 


the actual weight of the object ? [ Ans. 2 (wi * W5) 1 


How can you get the true mass of an object if the two arms of a common balance are of unequal lengths ? 


[ Ans. m= amy) m] 
What do you mean the moment of a force ? [ H. S. 1998] 
What is meant by centre of mass of a body ? What is its difference with the centre of gravity of the body ? 
[ H. S. 2001] 
What is meant by a couple ? How is the magnitude and direction of he moment of a couple determined ? 
[ H. S. 2001] 


B. Essay type questions : 


1: 


What do you mean by the term ‘equilibrium of a body’ ? State and explain the conditions of equilibrium of a 
body acted upon by a number of coplaner forces. 

State the condition of equilibrium of a body under three forces. What is Lami's theorem ? 

What is the significance and measure of the moment of a force about a. point ? What are positive and negative 
moments ? ; 

When is a couple formed ? What is the torque due to a couple ? What is the effect of couple on a body ? 
What is meant by stable, unstable and neutral equilibrium ? Explain with examples. What is the importance of 
c. g. in defining the nature of equilibrium ? Explain with examples. 

What do you mean by like and unlike parallel forms ? Obtain the resultant of two like parallel forces and its line 
of action. 

Explain the difference between ‘centre of mass’ and ‘centre of gravity’. When do centre of mass and centre of 
gravity coincide ? State the importance of centre of mass. 

(a) How is the static equilibrium of a body related to its potential energy ? Explain. Give illustrations. 

(b) Explain ‘limiting equilibrium’. 


. Simple numerical problems : 


A block of mass 50 kg is suspended in equilibrium by two ropes. One rope is horizontal and the other makes an 
angle of 30? with vertical. Calculate tension in the two ropes. [ Ans. 57:75 kg . wt; 28:87 kg wt] 
A body of mass 10 kg is suspended by two ropes. One rope is inclined at 30* with the vertical. What should be 
the angle of inclination of the other rope with the vertical so that its tension is minimum ? Also calculate the 
tensions in the ropes. y [ Ans. 60°; 5 V 3 kg .wt; 5 kg. wt ] 
A rod of mass 4 kg is kept in horizontal position by two supports at the two ends. A load of 6 kg is suspended 
at a distance of !4 of its length from one end of the rod. Calculate the force acting on the two supports. 

[ Ans. 3:5 kg, 65 kg] 
Two like parallel forces P and Q act at A and B respectively of rigid body. If the forces interchange their points 
of application, the resultant is displaced through a distance ‘d’. Show that d = LS .AB 
A uniform rod of length 10 m and mass 40 kg rests on two supports at equal iode from the two ends. 
For what value of this distance a man of mass 80 kg may stand on any point of the rod without toppling 
the rod ? [ Ans : 1.67 m] 
A uniform rod of mass 10 kg and length 4 m are placed on two knife edges A and B. The point A is at one end 
of the rod and the point B is at a distance of 3 m from A. A weight of 25 kg is suspended from a point 1.5 away 


5 1 
from A. Calculate the reactions on the knife edges. [ Ans. 15 6 kg; ES kg.wt | 


Two spheres of mass 6 kg and 10 kg are at a separation of 16 m. Obtain the position of its centre of mass. 
[ Ans. 10 cm from smaller sphere ] 
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10. 


11. 


12. 


13. 


14. 
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- Three masses lg, 4g and 5g are placed at the three angular points of an equilateral triangle of side 10 cm. 


Calculate the distance of the centre of mass of the system from the angular points where 1 g mass is placed. 
[ Ans. 7.81 cm ] 


- Two cylinders made of same material are of length 10 cm each. Their diameters are 6 cm and 3 cm. There are 


joined co-axially. Obtain the position of the centre of mass of the composite cylinder. 

[ Ans. On the axis at a distance of 2 cm from the c.g. of the first cylinder ] 
Masses of 1g,2g ..... , 100g are respectively suspended from the marks at 1 cm, 2 cm .. . .100cm of a metre 
scale. Calculate the equilibrium point on the scale. [ Ans. 67 cm mark ] 
In the XY plane of cartesian reference frame three particles of masses 1 kg, 2 kg, and 3 kg are situated at three 
points whose co-ordinates are (3,3), (2,2) and (1,1). Calculate the position of the centre of mass of the system. 


In three dimensional cartesian reference frame from three particles of masses 3 g, 5 g and 7 g are placed at the 
points whose co-ordinates are ( 3, 5, 7), (0, 0, 0 ) and (7, 5, 3). Calculate the position of the centre of mass . 


58 50 42 
2515/15/15! 

What should be the height of a uniform cylinder of radius 10 cm so that when it is placed on an inclined plane 

of inclination 25°, it will not over turn ? [ Ans. 21:45 cm ] 


One end of a rope of length 10 m is tied at a height on a telephone post. A man is pulling the rope with a 


. constant force. At what point of the post the rope should be tied so that the man has the maximum chance to 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


overturn the post ? [ Ans. At a height of 7.07 m from the ground ] 
A uniform ladder of length 13 Ib and mass 40 Ib stands with one end resting against a smooth vertical wall and 
the other end on a rough ground. A man of mass 180 Ib is standing on the top of the ladder. The foot of the 
ladder is at a distance of 5 ft from the ground. If the ladder is about to slide, calculate the value of coefficient 


5 
of-friction between the ladder and the ground. [ Ans. H= 12 ] 


The two diagonals of a uniform metal square divide the square into four equal triangles, If one of the triangle 
is removed calculate the position of the c.g. of the remaining portion of the square. 
[ Ans. At a distance of 2 cm, from the apex of the triangle ] 
A uniform ladder of mass 20 kg and length 3 m stands with one end resting on a rough vertical wall and the 
other end on a rough ground. The coefficient of friction of the ladder with the wall and also with the ground is 
0:5. At what minimum angle between the ladder and the ground, the ladder will start sliding ? 
[ Ans : 0 = 65567] 
Two spheres of masses 20 Kg and 12 Kg are at a separation of 20 cm. Calculate the position of their centre of 
mass. s [ Ans : 8 cm from the smaller sphere ] 
Two masses 1 kg and 2 kg.are placed on the X-axis and Y-axis respectively at a distance of 1 m and 2 m from 


1 4 
the origin. Calculate the position of C. M. of the system. [ Ans. x= 3 m, y- 3 m] [J.E.E 1993] 


A cylinder of radius 10 cm is standing on an inclined plane of inclination 30°. For what maximum height the 
cylinder will not topple ? [ Ans: g/3 cm] 
A sphere of weiglit W and radius r is moving along a straight line due to a constant force P applied on the 
pi : i WwW 
sphere. If the coefficient of friction between the sphere and the surface be ji, show that h=r ( - e) 
A horizontal road way passes over a bridge which rests on, two pillars. The bridge 
is 36 m long and weighs 5700 kg. A lorrv weighing 3360 kg travels a distance 
2 
equal to 3 ofthe length of the bridge from the end. What weights do the pillars 


carry in this position. [ Ans. 3970 kg and 5090 kg ] Ww 
Fig. 11-41 
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D. Harder numerical problems : 


1. A table has a heavy circular top of radius 1 m and mass 20 kg. It has four light legs of length 1 m fixed 
symmetrically on its circumference. What is the maximum mass that may be placed anywhere on the table 
without toppling the table ? [ Ans. 48:3 kg ] 

2. A uniform ladder of weight W rests with one end resting against a rough vertical wall and the other end on a 
rough floor. It is inclined at an angle of 45° with the horizontal. If p and p” be the coefficient friction at the floor 
and the wall respectively, show that the minimum horizontal force that can move the lower end of the ladder 


W (1-20 — u^ 
towards the wall is given by oe [ J. E. E. 2003] 
3. The angle between the two forces F, and F, is 6. Now; the forces interchange their position. Show the angle B 
by which the resultant rotates is given by tan PES E tan 2 
2—R-tE-- 
4. Two boys of masses 30 kg and 40 kg are pulling each other by holding a rope by their hands. Initial separation 
of the boys is 7 cm. Calculate the displacement of each boy when touch each other. [ Ans. 4m ; 3m ] 


5. A man of weight m moves through a distance x from the rear end towards the front of a car. Show that, an 


mx 
weight d will be transferred from the spring on the rear end to the spring on the front end ? Here y is the 


distance of separation between the two springs. 
6. A cylinder of height 100 cm is half full of water and its upper end is open. The radius of its base is 4 cm and 
mass per unit area is 9 gm / cm’. Calculate the distance of the centre of mass of the whole system, from the 


bottom of the cylinder. [ At a height of 46:1 cm from the base ] 


CIRCULAR MOTION 


TOPICS : Circular motion; Angular displacement; Angular velocity; Average and 
instantaneous angular velocities; Relation between angular and linear velocity; Angular 
acceleration; Relation between angular and linear acceleration; Angular velocity and angular 
acceleration vector; centripetal acceleration in a uniform circular motion; centripetal force and 
centrifugal reaction; Non inertial, reference frame and pseudo force; Practical illustration; 
Effect of centrifugal force; Rotation of a body in a vertical plane; conical pendulum: 
Miscellaneous examples. 


12.1. Introduction : 

So far in this book we have considered the equations of linear motion and other dynamical formulae 
associated with a particle moving with uniform acceleration. 

From Newton's second law we know that if no unbalanced force acts on a moving body, it will 
continue to move along a straight line with a constant velocity. Now, if force acts in the direction of 
motion or opposite to the direction of motion, an acceleration or retardation is produced in the body and 


the velocity of the body will be increasing or decreasing. But the direction of motion of the body remain 
unchanged, so the motion is rectilinear. 


9 Example : Projectile motion. In this case the projectile is projected at an angle 0 to the vertical 
(8 « 90°) The motion of the projectile is no longer linear, it moves along a curve ( parabolic). It is a case 
of curvilinear motion and the motion is confined in a plane. 

Curvilinear motion may be of different types. In this chapter we shall consider a uniform circular 
motion. Here the particle moves along a circle with constant speed. Circular motion is special type of 


Actually rotational motion is of much common occurrance in nature than rectilinear motion. In this 
chapter we shall confine our discussion on the motion of a particle round a circle of fixed centre with 
uniform speed. ? 

12.2. Circular motion : 


P i Circular motion is a special case of curvilinear motion. Here the particle 
V — moves in such a way that its distance from a point or axis is always fixed. In 
fig 12.1, the moving particle is rotating along a circle of radius r. The velocity 
A Of the particle is always tangential to the circle and the force acting on the 
particle is radially inwards. Example : (i) the motion of the wheel of a car 
about a shaft, (ii) the motion of doors and windows about a hinge. 

If the particle moving in a circle rotates through a definite angle in a given 

Fig. 121 time, then the motion of the particle is called a uniform circular motion. 
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Axis of rotation : It is the line passing through the centre of the circle and perpendicular to the plane 
of the circle is called the axis of rotation. For rotating à rigid body the axis of rotation may pass through 
the body itself or it may lie outside the body. Example : axis of rotation of a wheel passes through its 
centre and normal to its plane. But when a stone is rotated by a string, its axis of rotation is at the other 
end of the string. So it is outside the stone. 

A circular motion can be described in terms of linear quantities like linear displacement, linear velocity 
and linear acceleration. Also it can be described in terms of angular displacement, angular velocity and 
angular acceleration. 1 

12.3. Angular displacement : 

In the fig 12.1, the moving particle is at A and after a time t it comes to P. The radius OP makes angle 
6 with the initial line OA. The angle 0 = Z AOP is the angular position or displacement of the particle in 
time t. 

Definition : In the case of circular motion, the angular displacement in a given time interval is 
defined as the angle through which the line joining the centre and the particle ( i.e. the radius) 
rotates in that time interval. It is expressed in ‘radian’. 

We know that angle in radian is defined as the ratio of the arc length to the radius i.e. 


BIOs a Shier sarees! LIRL T PSO UE (12.1) 


= adius r 
The magnitude of the linear displacement i.e. JAP] is not equal to arc length s covered by the particle. 
However when P is very close to A then in the limit as the time interval Aż tends to become zero 


|AP | As, when As represents a small distance covered by the particle. 
If the particle moves in the anticlockwise direction then the angular displacement is taken as positive 
and itis negative when the particle rotates in the clockwise direction. 
Angular displacement is an axial vector and it is assumed to be 
acting along the axis of rotation, In the case clockwise rotation, 
angular displacement is directed along the axis away from the $~ "ape 
observer. On the other hand, in the case of rotation in the anti- Fig. 122 
clockwise direction it is directed towards the observer along the 
axis of rotation. [Fig 12.2] 


12.4. Angular velocity: 
Angular velocity of a rotating particle is defined as the angular displacement per unit time. It 6 be the 


d roe tax: 9 
angular displacement in time t, then the angular velocity is. @ = T 


Angular displacement@ — ——— (122) 
time interval, 

Unit of angular velocity is rad / sec. It is also expressed by revolution / min or rpm unit by engineers. 
It is also an axial vector and its direction is along the axis of rotation. The sense or direction of the vector 
is that in which a right handed screw would advances when turned in the direction of rotation of the 
particle. 

The time taken by. the particle to make one complete revolution is called its time period ( T). 

Now, in one complete rotation, angular displacement is 27. 


ʻe angular velocity @ = 


So, from the equation 12.2, @ -2 paar anoll oni gsis ij. (12.3) 


: 1 
Again if the particle complete n revolution in 1 sec, then n is called frequency, So n= T 
(12.4) 
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12.5. Average and instantaneous angular velocities : 


The angular motion of particle may be uniform or accelerated, similar to the case of linear motion, In 
the case of non-uniform or accelerated angular motion, angular velocity changes with time. So we consider 
two types of angular velocities : (i) Average angular velocity and (ii) instantaneous angular velocity. 

(i) Average angular velocity, @: In the case of non-uniform angular motion, average angular 
velocity is defined as the ratio of the angular displacement to the elapsed time. 

If in a time ¢, the Particle describes an angle 0 then the average angular velocity during the time 


interval, is © =$. 
Q The particle moving along the circle passes from X to P in time ¢ and its 
angular position now is 0. As the particle moves on the circle its angular position 
P > @ changes with time. During the small time interval from : to t + At, the particle 


Be \ passes from P to Q[ Fig 12.3] and the angular displacement is A0. Then the 
X average angular velocity during this time interval is 
—_ 40` 
CAL We GEC a eek. a (.12.5) 
EE. 
(ii) Instantaneous velocity (c) : In the case of. non-uniform angular motion 
angular velocity at any instant is called instantaneous angular velocity. 
To get the value of this angular velocity, the time interval is made progressively smaller, then in the 
limit when At approaches zero, the average velocity over the interval equal to the instantaneous velocity. 


Fig. 123 


: _ Lt A0 db 
instantaneous velocity, (DES ALSO, At = dt 


So, the instantaneous rate of change of angular displacement is equal to the instantaneous angular 
velocity. Unless otherwise mentioned, the angular velocity will mean instantaneous angular velocity, 


12.6. Relation between angular and linear velocity : 


A particle rotating about a point O, along a circle of radius r [ Fig 12.4]. Q 
In a small time Az, the particle passes from P to Q. So the angular displacement AS 
in time At is Z POQ = A8. 


Linear displacement during this time At is As = PQ. If A0 is measured in P 
radian, As = r. A0 
15 Mee As r.A0 
-. Angular velocity of the particle is v= EAE = 
iY MO ites epa E EE saute eT ee Nd (12.7) Fig. 12-4 
© In the case of non-uniform circular motion, instantaneous values of linear and angular velocities 


will be considered. Now, the instantaneous velocity is v= » when s = r6 


VAS DEST Ire d juli 
E Mm Oars [ ris a constant ] 


"o V=ro 


Example 12.1 : . The angular velocity of a wheel is 300 rpm. Calculate (i) time period, 
(ii) frequency (iii) time for 60° angular displacement. 
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Solution : (i) Angular velocity w = 2mn = 27 x 5 = 10 x rad / s [n = 5 rps] 
2x 


*. time period, T22*.2n . 
peri d 7 Tor 0-2 sec. 


(ii) frequency, n=4 =5 Hz 
(iii) Angular displacement 0 = 60° = S rad 


o WS A 
Now. 0=0t . t2—-2——-— 
w [0] t o^ 1o 39^ 
Ex. 12.2 : A particle is moving along a circle of radius 50 cm with an angular velocity 1.5 rad / 


s. Calculate linear velocity and time period of the particle. 
Solution : Linear velocity is given by v = ro 
xy 5 = 0° -l 
y = 0:50 x 1:5 2 0/75 ms DE Y ER 
@= 1-5 rad/s 


2 
and time period, T= es -o-4.18sec 


, Ex. 12.3 : A car is running along a circular track of radius 10 m with a speed of 54 Km / hr. 
What is the angular velocity of the car ? 
Solution : The required relation, v = ro 
Vd 
j 
1 


w= r= 10cm 
cased sT v=54x = - 15 ms" 


an 


Ors 


si 


Ex. 12.4: The length of the minute hand of a big clock is 50 cm. Calculate its angular Velocity 
and linear velocity of the tip of minute hand. 
Solution : The angular displacement of the minute in 1 hr is 2x rad 


: REAL 
<. Its angular velocity, © = 3659 = ee rad /s 


x zi 
And the linear velocity of the tip of the minute hand v=r@ —0-5 x S867 0-0087 ms! 


Ex. 12.5: A stone is whirled along a horizontal circle by a string of length 2:0 m. If the stone 
makes 50 revolutions in 10 sec, calculate angular velocity and linear velocity of the stone. 


50 e 
Solution : Angular velocity of the stone, 0 = 274 ~. =2nx TOUS 10r 231-4 rads"! 


linear velocity of the stone v = 70 = 2 x 31-4 = 62:8 iA 


12.7. Angular acceleration : 

' When a particle executes non- uniform circular motion, its angular velocity is not constant but changes 
with time. The particle now possesses an angular acceleration. The rate of change of angular velocity is 
called angular acceleration. 

€ Average angular acceleration (0): It is the ratio of the change in angular velocity to the time 
interval. 
ATA War Sy [t=5-4] 


z des n 3 a AO 
If the time interval is small, œ = Age 


a= 
1535 


Phy (D—16 
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* Instantaneous acceleration (a) : In the limit ( At —> 0) the instantaneous angular acceleratic y 


e Lt Ao do 
s b = = 
is given by a - At-»0 AE di eee US Ee ES EE (12.8) 
"di (8)- a?o 
dt d 


Angular num is also an axial vector and 0 is directed ddig the axis of rotation. 

It is unit is rad s?. 

12.8. Relation between angular and linear acceleration : 

In the case of non-uniform circular motion of a particle as the angular velocity changes, the linear 
velocity also changes. Let the linear velocity of the particle changes from v, to v, in a time interval r. 
voc E 

"P 1 
If the corresponding angular velocities be œ and œ, then, 

vı 7 70, and v, = rd, [ r = radius of the circular path ] 


Then its linear acceleration a= 


ro-ro; r(9,—0) 


Lic PE C br Ed Ue 12.7(a) 
^ linear acceleration a = angular acceleration (œ) x radius of the path (r) . 
Example 12.6. A flywheel initially at rest starts rotating with an angular acceleration and after 
30 sec angular velocity becomes 1500 rpm. Calculate angular acceleration and linear acceleration of 
the particle situated at a distance of 50 cm from the centre of the wheel. 


@,-@, 2nz(nm- 
Solution : Angular acceleration, œ = —2——! = 22(m -m) 


t t 
1500 2n(25-0) s 
H =0, =—— =2: ` a= d/ 
ere m n 60 5 rp 30 3 x rad/s 
and linear acceleration a — rot = 50x zn cm/s? ~ a=2-62ms~ 


3 
12.9. Angular velocity and angular acceleration vector : 
In the case of linear motion, linear velocity and linear acceleration are 


vectors. Similarly angular velocity and angular acceleration are also vectors 
for the case of rotational motion. 

The vectors representing angular velocity and angular acceleration are 
drawn along the axis of rotation. Its direction depends on the direction of 
rotation of the rotating body. The direction or sense of the vector is that 

oo in which a right handed screw would advance when turned in the direction 


of rotation of the particle [ Fig 12.5 ]. 
12.10. Equations of rotation with constant angular acceleration : 


[ors 12-5 


` Ar g ; ; 4 Mic» 

The equations related to the rectilinear motion of a particle are : (i) v=u+tat (ii) s=ut+ 2 ar? 
(iii) v =u? + 2as. For uniformly accelerated angular motion we can establish equations similar to the 
above equations connecting the angular displacement 0, angular velocity and angular acceleration ot. 


The equations are : (i) œ =W)+Or, (ii) 9 -oy lar, (iii) o= o +206 where 0, is the 


initial angular velocity. 
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12.11. Units vector along the radius and tangent of a circle : 

A particle is moving along a circle of radius r and at any time it is at A [ Fig 12.6}. Let the centre O 
be the origin. OX and OY are the X-axis and Y-axis respectively. @ is the 
angular displacement. The radial unit vector or the unit vector along AB 
b ^ A ^ 
is e, and the unit vector along the tangent to the circle at A is eg in the 


" 1 n n ^ . n n A 
direction of 9 increasing. e, 1$ called radial unit vector and eg the 


tangential unit vector. From the diagram AB =} AB cos0 + j AB.sin ry 


^ 


e, = 1 cos0 + j sin8 e a ticks Vos T A (12.8) 


R pe eS F A 
Similarly, AC--i AC sin @+ j AC.cos 0 
^ ^ ^ 
e}  —i sinQ + j.cos8 Ls CURE E (12.9) 

12.12. Centripetal acceleration in a uniform circular motion : 

Let a particle is moving along a circle of radius r with a uniform speed v. Although the magnitude of 
velocity-or speed is constant, the velocity of the particle is not constant because the direction of velocity * 
which is always tangential to the path, changes continuously. Actually the change of direction of velocity 
signifies the change of velocity of the particle. So, the particle moving with uniform circular motion 
possesses an acceleration. This acceleration gives rise to a change in the direction of motion but not the 
speed. As the speed does not change, the direction of acceleration should always be normal to the path of 
the particle i.e. towards the centre of the circular path. If the direction of acceleration were different, it 

' would have a component along the direction of motion and the speed would change. Hence the acceleration 
and force acting on the particle is always directed towards the centre of the circular path. This acceleration 
is known as centripetal acceleration and the corresponding force is centripetal force. ` 

Definition : A particle moving along a circle with constant speed is acted upon by an acceleration 
directed towards the centre along the radius. This acceleration is termed as the centripetal 
acceleration. 


Fig. 126 


@ Expression for centripetal acceleration : 
First method : Consider the fig 12.7(a). At any instant, the particle at P where the velocity of the 
particle is v, directed along the tangent PA. After a small time At the particle is at Q. Angular displacement 


in this time interval is A@ the velocity of the particle at Qis V) 
directed along the tangent PB [ Fig 12.7 (b) ] 
Since the speed of the particle in uniform so, Iis | Vj- V 
The direction of v, and V are slightly different which means 
that the velocities of the particle at P and Q are different. The change 
in velocity as the particle passes from P to Q is AV - V, - V, 


RN > = 
E ! _ {avy IVa Mi 
z. Centripetal acceleration, 4c 7 Ay ~ NACE 


Fig. 127 


‘The change in velocity AV is obtained by parallelogram law of addition of vectors [ Fig 12.7 (b) ] 
. The vectors representing the velocities V and V, are drawn from the common point O,. 
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V, is reversed and the parallelogram in completed. Then diagonal gives the change in velocity AV: 
-> 2 > E SE 2 > 3 
[AVF ZI Vf +| Vi *2|V,| [V] cos(180*—A0) 


2 


2 
- V? 4 V? — 2v? cos A6 = 2v?.2.sin?( 4 Je v (48) [ v A8 is small ] 


i 2 
| AV |= V.A0 
3 3 V.A0 P 
- Centripetal acceleration, a, = DATOS Vo [o -= angular velocity ] 
3 ; 
a eism A RE E eee E OR 12.9 (a) 


Second Method ( by calculus) : From the fig 12.7 (a) the position'vector of the moving particle at any 
> -> A 
timetis r =0Q=(OQ)e, =r 1 cos 0+ j.sin 0 


So, the velocity of the particle at this instant is 


em 
uit. qi ^ As 
Vz—-— + 
BR ae dt cos0 + j sin eJ 
^ a d6 ^ 40]. ese 
=- i sinb. gt] ex 622 rot i sin0 +i cos 0] 
Here ro is the magnitude of velocity or speed of the particle and vector inside the bracket is a unit 


^ * E a e = > A 
vector eg: Hence at any time, velocity of the particle is along the tangent to the circle ~. V=V eg 
> 


[ Ign écttitedy, 
. The acceleration of the particle B asd 


E pde, ^ UD ae A 
s dr oF, C i sin® j cos 8) +- C} sin @+ j cos) 


" ^ dO 4) | de dw * 
=ra( i cos 0 2 jsin® aer dr ĉi 
^ ^ 
DES Sapa Oe en chsh pmo hee ( 12.10) 
e r dt e 


Here A and 5 are respectively unit vectors along the radius and along the tangent. 


(a) Uniform circular motion : When the particle moves along a circle with uniform speed then 
dv re ^ are : 
S 0 a -o?r e, . So, the acceleration is along the radius towards the centre. 
2 
The magnitude of the centripetal acceleration a, = -o'r =- Y 


(b) Non-uniform circular motion : If the speed of the particle is not uniform then the particle will 

have both the radial and tangential acceleration [ Fig 12.8] . From equation ( 12.10) radial acceleration, 
2 

a, = -0r =- I and tangential acceleration, 4, = aE 


it 
2 v? s avy 
Resultant acceleration, a= ya, +a, = (2) + (Z) 


ma sa- (20)/() 


CIRCULAR MOTION 245 


Example 12.7. A particle is moving along a circle of radius 20 cm with a uniform speed. If the 
particle takes 5 sec to make one complete revolution, calculate radial acceleration of the particle. 


Solution : Time period, T = 5 sec .'. angular velocity œ = T - T rad / sec 


^ 2 
Qn 
«<. radial acceleration, 4; =r -(&) x20 .. a, =31:58cm s? 
Ex. 12.8 : A particle is moving along a circle of radius 500 m with non-uniform speed. 
The velocity of the particle increasing at the rate of 2 ms~, When the velocities of the particle is 
30 ms~! what is its total acceleration ? 


Solution : Centripetal acceleration of the particle moving in a circle is 


2 2 
v2 Go = i Iss. sa, wien iis 
TA A =1-8ms™^ and tangential acceleration, 4, = Ay 


Total acceleration, a=yŅa, +a; =y(1- sp «(2r 22.7ms^ 


2 


a,- 


2 


12.13. Centripetal force and centrifugal reaction : 

When a particle moves along a circle, its direction of motion changes continuously. From Newton's 
first law we know that a body by itself can not change the direction of motion. So, a force must be applied 
on the body to change its direction of motion. As the speed of the body is uniform, the magnitude of 
velocity does not change. So, the force must be acting perpendicular to the direction of motion of the 
body. As the direction of motion is tangential to the circle, the force is radially inwards towards the 
centre, This force is called centripetal force. 

Definition : When a particle moves along a circular path with a constant speed, a force directed 
radially inwards acts on it. This force is called centripetal force. 


The magnitude of the force is Fo = mass x centripetal acceleration. 


2 
Fo = mw = mor ; 

It should be noted that centripetal force is always perpendicular to the direction of motion. So the 
force has no component in the direction of displacement of the particle. d 
For this reason the centripetal force does not perform any work on the M 
particle. It is called a no-work force. In fig 12.9, Fc is the centripetal 
force which acts on the body. As a results the body rotates along the 
circular path with constant speed. P 

Example : (i) When a particle is rotated in a horizontal circle by a 
string, centripetal force is applied on the stone through the string. Length 
of the string is the radius of circle and the tension in the string is the 
centripetal force acting on the stone. 

(ii) Planets moves round the sun in circular orbit. The gravitational attraction of the sun on the planets 
provides the necessary centripetal force. 

(iii) Electrons in the atom revolves in acircular orbit around the nucleus, the electrostatic force between 
the electron and nucleus of the atom supplies the necessary centripetal force. 

e Centrifugal reaction : A particle rotates in a circular path with uniform speed due to a centripetal 
force acting on it. This force is applied on the rotating body by an external agency. Now, every action has 
equal and opposite reaction. So, the rotating object in turn, exerts an equal and opposite reaction force 


Fig. 129 
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on the external agency which rotates the object. Evidently, the force is directed radially outwards from the 
centre of the circular path. This reaction is called centrifugal reaction. In the fig 12.9, Fc is the Centrifugal 
reaction. From Newton's third law : Fc = — Fc". 


As action and reaction act on different objects, centripetal and centrifugal reaction also act on different 
objects. In the first example centripetal force Fe. acts on the stone and the centrifugal reaction F,.” acts on 
the external agency. If the string suddenly breaks, both the forces vanishes and the stone flies off tangentially 
with constant speed. 


e Centrifugal reaction is a real force. Because it is produced due to interaction between different 
objects. 

Example 12.9. A stone of mass 1 kg is tied to a string of length 50 cm. It is rotated in a horizontal 
circle by holding it at the other end at the rate 2 revolution per sec. What is the centripetal force 
acting with particle ? 

Solution : The centripetal force, Fo = mo?r 

Fe = 1 x (4n) x 05 here, m = 1 kg 
= 82 = 78:96 N @ = 2nn = 4n rad/s 
hin r 2 05m 

12.14. Non inertial reference frame and pseudo force : 

We know that reference frame is a body with respect to which motion of other bodies are observed 
and the frame which is either rotating or moving with an acceleration is non-inertial frame. Newton's 
laws of motion are not valid in non-inertial frame. Reason : In the frame a new type of force other than 
those produced by the interaction between particles is present. 


(a) Accelerated reference frame : Suppose a body is moving along a straight line with uniform 
velocity. Now, the passengers in the car will not feel the motion of the car. Reason : Although the 
passengers have a velocity with respect to the road, but they have no velocity with respect to the car. If 
they look outside from the car, they will see that trees and houses etc on the road side are running in the 
opposite direction and the car will appear stationary to them. 


Now, if the driver of the car suddenly accelerates the car, the passengers in the car will feel a push or 
impulsive force acting in the opposite direction of motion of the car. Similarly, if the driver of the car 
suddenly applies breaks to produce retardation, the passengers will feel the same force, but now in the 
forward direction. 


So, it is found that the passengers feel the force in the direction opposite to the acceleration of the car. 
The force that acts in the passengers in the accelerated car is a pseudo force. This force is generated due 
to acceleration of the reference frame (in this case the car is the reference frame). This force is not 
apparent to a person standing on road side. The fact that the passengers in the car leans backward whem 
the car suddenly accelerates or the passengers leans forward when the car suddenly decelerates, will 
appear to the observer as a case of inertia of rest or inertia of motion. But to the passengers in the car it 
is not an example of inertia, because they are not conscious about their state of motion with respect to the 
ground. The force experienced by the passengers is due to acceleration or retardation of the car and not 


due to-action reaction between two objects. This force has no real existence and so it is called Pseudo 
force. 


Evidently, a body in a non-inertial frame has an acceleration equal to the acceleration of frame but in 
the opposite direction. The body feels a force in the direction opposite to the direction of acceleration of 
the reference frame. This pseudo force is given by F^ = — ma when m = mass of the body and ‘a’ is 
acceleration of the frame. The negative sign means that the force is opposite to the acceleration of the 
frame. So, Pseudo force is a force experienced by a body in an accelerated frame in the direction 
opposite to the acceleration of the frame. 
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e Pseudo force due to acceleration of the lift : From experience we know that when a lift moves 
upwards with an acceleration, a person in the lift feels heavier. On the other hand, when the lift descends 
with an acceleration, the person feels lighter or loss in weight. The force acting on a person in an accelerated 
lift is an example of Pseudo force. « 

When the lift is moving upward with an acceleration ‘a’, the . 4 i 
pseudo force acting on a body of mass m in the lift F = ma 


(downward). Now, the pseudo force acts in the direction of weight Pseudo di 

of the body [ fig 12.10) ] force ma 
7. total downward force, F= mg + ma =m (g + a) 4 i 
For this reason, a person in the lift feels heavier. On the other mg 79 m 

hand, When the lift descends with an acceleration, effective @ qi 

downward force is F = mg - ma- m(g-& ) [Fig 12.10 (ii) ] Fig. 1210 


so, the person in the lift now will feel lighter. 


(b) Rotating frame and centrifugal force : We have seen that a pseudo force F^ = — ma acts on a 
body of mass m situated in a reference frame which is moving with a linear acceleration ‘a’. What will be 
the magnitude of the pseudo force if the reference frame rotates with a uniform angular velocity ? 

Suppose a man is sitting inside a large closed box which is rotating with a constant angular velocity € 
about a vertical Z-axis. [ Fig 12.11 (i) ]. A block of mass m is kept on the floor at a distance r from the 
Z-axis. Assume that the block is at rest with respect to the box. So it is rotating with an angular velocity 


Q with respect to the ground. 
Z o 


A i; ^ 


Fg iere ccn > mor 
mg mg on 
G) Gi) (ii) 
Fig. 12-11 


With respect to the ground the block is moving along a circle of radius r. It, therefore, has an'acceleration 


2 
V^ -o?r towards the centre. The corresponding ceritripetal force on the box is mo?r. So, the different 


forces acting on the box with respect to the earth are 

(a) . its weight, mg 

(b) normal reaction N of the floor 

(c) frictional force on the floor, F, 

The different forces on the block is shown in fig 12.11 (ii). The necessary centripetal force is provided 
by Fg. Since the resultant force acts towards the centre, F= mo: 

Now, we consider the motion of the block with respect to the box or with respect to the man in the 
box. The block is at rest with respect to the man. So, the resultant force on the block is zero, according to 
Newton’s law of motion. The weight and normal reaction balance each other, but the frictional force Fs = 
mo2r acts on the box towards the centre. To make the resultant force zero, the existence of a pseudo 


248 A TEXT BOOK OF PHYSICS 


force must be assumed. This force must be acting on the box away from the centre radically outward and 
its magnitude is mw2r. This pseudo force is called the centrifugal force. Hence with respect rotating 
reference frame or with respect to the man in the box, different forces acting on the block are : 

(i) Wt. of block, mg (ii) Normal reaction, N (iii) Frictional for Fg and (iv) Centrifugal force, mor 

These forces are shown in fig 12.11 (iii) As the body is at rest, from Newton's first law we get Fy = 
mG?r. So we get the samé equation for friction as we got from the ground frame. When we consider the 
motion of the box with respect to the ground we apply second law of motion. But we apply first law when — 
we consider the motion of the block with respect to the box. 

When we consider a rotating reference frame with respect to an inertial frame, we require to imagine 
the existence of a force mar acting radially outward on a body of mass m kept at a distance r from the 


axis of rotation in the rotating frame. Then we can apply Newton's laws of motion in the rotating frame. 
This radially outward pseudo force is called centrifugal force. i 


Definition of centrifugal force : Centrifugal force is a force which acts on a body rotating along a 
circular path and is directed radially outward. This force is felt only by an observer rotating with the 
body. Evidently it is a pseudo force. 

e Some important informations : 


(i) Centrifugal force is produced due to acceleration of the frame. 

(ii) Force produced due to interaction between different objects is a real force. 

(iii) So, centrifugal force is a pseudo’ force. 

(iv) This force has no existence in an inertial frame. 

(v) The centripetal force has no existence to a person outside the rotating frame. 

(vi) Centrifugal reaction and the centrifugal force are not same. x 

(vii) Centrifugal reaction is a reaction to centripetal force. 

(viii) An observer in a rotating frame can feel the existence of both centripetal force and centrifugal 
force. But action and reaction always act on different bodies. 

(ix) The centripetal force, centrifugal reaction and centrifugal force all have the same magnitude 
equal to mV? / r or mr. 

12.15. Examples related to centrifugal force : 

(i) Rotation of a bucket full of water in a vertical plane. 


When a bucket full of water is made to rotate quickly in a vertical planes the water in the bucket does 
Conania not fall from the bucket even when the bucket is in inverted position at the top 
s EAE d most point of the circle [Fig 12.12]. Here the centripetal force acts on the bucket 
and not on the water in it. But as the liquid rotates along with the bucket, 
centrifugal force acts on. it. This force balances the weight of the water. 


Gi) In a circus show a spherical cage is erécted for performing a motor 
cycle feet of going in a vertical circle. At the top most position, the rider is in 
inverted position still he does not fall. His weight acting downward is balanced 
by the centrifugal force. 


Weight of 


Example 12.10. A bucket full of water is rotated in a vertical circle of 
water 


radius 1.5 m by a rope. What should be the minimum speed of the bucket 
Fig. 1212 so that the water does not spill over at the highest point of circular path. 

Solution : At the highest point of the circular path, the water in the bucket will not spill over when the 
centrifugal force is just equal to the weight of water. 


my? 


ANNE ^ v- ra m y241-5x9.8 = 3.83 ms! 
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12.16. Practical Illustrations : 

(A) Condition of no skidding at the bent of a road : 

When a car moves on a straight horizontal road there is no problem. But when the car arrives at a turn 
and moves along a curved path the problem of skidding and overturning becomes important. First we 
consider the condition for no skidding. 

Let a car of mass m is moving along a circular horizontal road of radius r [ Fig 12.12(a) ]. At this 
moment different forces on the car are : . 

(i) Weight of the car mg acting downward. 

(ii) Normal Reaction of the road, N. $ Vv 

(iii) Centrifugal force, F, = mV2/r acting radially outward. 

(iv) Friction force, Fg. F, -----9 

Since the road is horizontal, normal reaction (N) of the road balances 
the weight of the car. Due to the centrifugal force the wheel of the car 
tends to skid outwards. This is presented by the inward frictional force. 
Hence the condition for no skidding of the car on the horizontal road at Fig. 12-12(a) 
the bent is 


2 2 
myz n <umg [u = Coefficient of friction ] 


Vou e im e ae Neorg gg A (12.11) 


If the speed of the car exceeds V nax: the car will skid. 

(B) Condition for no overturning of the car at the bent of a road : 

Suppose a car is moving along a horizontal circular road of radius r at a speed v [ Fig 12.13]. Ry and 
R, are normal reactions on the wheels. F, and F, are the frictional forces on the wheels. The centre of 
gravity (G) of the car is at a height / from the ground and the separation between the wheels is 2a. The 
frictional forces provide the necessary centripetal force and normal reactions balance the weight of the 


car. 


2 
F, + Fy 2 — and Ry +R, =mg 
r 
Here the car is taking bent towards left. The moments of R, and 


mv? 


F, = about the point B tends to overturn the car on the opposite 


r 
side of the centre of rotation. But the moment of the weight mg about 
the same point B opposes the overturning. Hence the condition of no 
overturning as the bent of the road is 


: 2 
Fig. 12:13 m hs mga T vs e hdd qut io. coms ( 12.12) 


(C) Banking of roads : 

We know that at the bent of a road frictional force provides the necessary centripetal force. But this 
force is not large. For this reason the speed of the car at the bent has to the lowered to avoid skidding; 
specially when the radius of curvature of the road is small. To overcome this difficulty, instead of depending 
on friction, the road is banked to provide additional centripetal force. Here the plane of the road is kept 
inclined to the horizontal i.e. the outer side of the road is slightly elevated with respect to the inner side. 
[ Fig 12.14]. A part of the necessary centripetal force is supplied by the horizontal component of normal 
reaction of the surface. Rest of the centripetal force comes from friction of the road with the car. For a 
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proper angle of banking, thé horizontal component of reaction provides the necessary centripetal force 
and frictional force is not essential. 


In fig 12.14 different forces acting on a moving car at the bend 
of a road are shown. The angle of banking is 8. The vertical 
component of normal reaction R balances the weight of the car, The 
Rsin@ horizontal component R sin acts as a centripetal force. 


A- Reos@, 


2 
R sing = = — and Rcos0=mg 


When m = mass of the car and v = its speed. 


B E (6 s tin02"— 
Fig. 12:14 rg 
If h be the elevation and x be the breadth of the road the tan 0 = H có 
2 2 
VE ES RM epe tic (i) 
E. rg 


and v= = 
x 


Hence the proper value of angle of banking depends on speed of the car and radius of curvature of the 
road. 

At the higher speed than v given above, the force of friction must be considered to prevent skidding. 
The frictional force F, ( acting downward along the incline ) is shown in fig 12.14. In this case we have * 


2 
R sin 0+ Fs cos 0 - 7— 
F 


2 
R (sin 9+ pcos 0)= [s Ege pR].... ++ MENO) 
and Rcos0 = mg + F; sin 0 
R(cos@—p.sin®)= mg... eer m (ii) 
d ngu y^ aho Moe B 
From the equation (i) and (ii) Tg ^ cosO—psin® 
5? unOsp 0, [,, no+ F 
rg peno &T-ptanð 


(D) Motion of a cyclist at the bent : 

When a cyclist takes a turn, he always leans inwards automatically. At the bend, the cyclist presses the 
ground obliquely [ Fig 12.15]. Additional centripetal force is generated 
because the reaction of the ground is also inclined to the horizontal. R cos 
The horizontal component of the reaction provides the necessary 
centripetal force. From the fig. 

- my? Rsin@ 
R.sin@=F, SE: and R.cos0 — mg 

Here m = mass of the cyclist, v = speed of the cyclist and r = radius 

of curvature of the road. 


0 y»? 
tan0- — 
rg Fig. 12:15 


—— 
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This equation provides the angle of inclimation of a cyclist with the vertical while moving with a 
speed v at the bent. 

Example 12.11 : The speed of a car while taking a circular turn of radius 150 metre is 100 km/ 
hr. (i) Calculate the angle of banking so that the car does not skid. (ii) Also calculate the minimum 
value of. coefficient of friction between the road and the tyre. 


Solution : (i) Velocity of the car, v — 100 x 4 = 25 ms? 


If the required angle of banking be 0 then, 


2 

v 250x250 r =150m 
Meeps SOS 0 $249 * 

rg 9x9x150x9.8 g  298ms 


0 = 27-7° 


tan0= 


2 
(ii) The minimum value of the coefficient of friction between the car and the road, H= = 0-5249. 


Ex. 12.12. A cyclist is moving along a circular road of radius 50 m with a speed of 36 km / hr. 
What is his angle of inclination with the vertical ? g = 10 ms™, 


2 
Solution : The required relation, tand= Here, 
d r= 50m, 
10x10. _ 95.» -@=11-31° % i d 
tan @= 55519 ^ 9? ^ 021131 y = 36 km/hr = 10 ms 
g= 10 ms? 


The angle of inclination = 1131* 
Ex. 12.13: The radius of curvature at the turn of a horizontal road is 100 m. If the coefficient 
of friction between the road and the tyre be 0:3 what can be the maximum speed of the car so that 
it does not skid ? 


Solution : Here, Vmax = Jwg 


us -l 
Vinex = 40-3x100x9.8 217-15 ms 
The maximum speed of the car for no skidding = 17.15 ms“! 
Ex. 12.14: A vehicle is negotiating the bend of a horizontal road of radius 60 m. The separation 


between each pair of wheels is 1-4 m and the height of its c.g from the ground is 45 cm, What can be 
the maximum speed of the vehicle so that it does not overturn ? 


Solution : From equation 12.12; v= jz : 


9.8x60x0.7 


- . zl 
0-45 30.25 ms 


a=07m, ; v 260m 
v= 


g= 98ms?: h 2045 m 


12.17. Effect of centrifugal force : 

(i) Loss in wt of a body due to earth's diurnal rotation : The earth revolves round the sun and at 
the same time rotates about its axis with a time period of 24 hr. It is called diurnal motion. Suppose a 
body of mass m is situated on the surface of the earth at a place of latitude A. 

The actual weight of the body is earth's attraction W = mg and its acts towards the centre of the earth 
[ Fig 12.16]. Now the body also rotates with the earth with the same time period, 
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So, the centrifugal force on the body is F, = m@*r acting radically outward. Hence the affective 
weight of the body is 


2 


W, =mg — F, cosà 2 mg — mor cos À 


2p Evidently, the loss in wt of the body due to earth's rotational 
motion is 
AW = ma?r cos 2 mo? R cos? X 


Where R is the earth's radius. 


So, the loss in weight depends on the latitude of the place. At 
the equator ( À = 0? ) loss in weight is maximum and at the poles 
Fig. 12-16 there is no loss in weight because at the poles A = 90°. 


(ii) Flattening of the earth : The earth is not a perfect sphere, but is slightly flattened at the poles, 
bulging out at the equator. The shape of the earth is an oblate spheroid. It is due to earth's diurnal motion. 
We can explain the special shape of the earth as due to the action of the centrifugal force caused by the 
spinning motion of the earth around the axis passing through the poles. Every particle on the earth 
experiences a centrifugal force acting outward. This force is maximum at the equator and decreases 
gradually towards the poles. It completely vanishes at the poles. At the time of formation, the earth was in 
fluid state, the force of cohesion was small and could not balance the centrifugal force. Hence the earth 
bulges out at the equator. As the earth cools to its solid form, the shape does not change. 


(iii) Centrifuge : It is device used to separate light particles in suspension from the more dense liquid 
in which they are contained. It is essentially a vessel which can be rotated with a high speed. The mixture 
is taken in the container ( or tube) of the centrifuge which then whirled at high speed in a horizontal 
circle. The light particles move towards the axis as explained below. 


A mass m of the dense liquid at a distance r from the axis of rotation of the centrifuge requires a 
centripetal force mrw?, where is the angular speed of the centrifuge. The required centripetal force is 
provided by the pressure gradient existing in the liquid. If in place of this mass of liquid, light particles of 
mass m, ( m < m) are present, then the existing centripetal force (mro?) on the particles will be greater 
than the required centripetal force ( mr”). A a result the light particles move towards the axis of 
rotation due to the net force F = ( m — m, ) ro. When the centrifuge is stopped, the suspension of the 
container is found at the axis and the clear liquid at the top. 

The heavy particles in the suspension will collect at the bottom of the container of the, centrifuge, 
leaving clear liquid at the top. 


Uses of centrifuge : 

(i) Cream is separated from the milk. 

(ii) The wet clothes are dried by dry-cleaners in the drying machine. 
(iii) In sugar industries sugar crystals are separated from the machines. 


(iv) Ultra centrifuge (high speed centrifuge) are used to separate finest particles of the sediments 
from water or from highly viscous liquid. 


12.18. Rotation of a body in a vertical plane : 

Let a particle of mass m is tied to a long string and is rotated in a vertical plane by holding it at one 
end of the string. The weight of the particle is always vertically downward. But the centrifugal reaction 
always acts along the string radially outward. For the reason the motion of the string in a vertical circle is 
nota uniform circular motion. The tension in the string is not same at all positions. When the particle 
rises up along the circle its velocity gradually decreases. At the highest point, the velocity of the particle 
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is minimum. Then as the particle comes down along the circle, the velocity of the particle gradually 
increases and becomes maximum at the lowest point. 

At the lowest point the tension in the string is sum total of 
the weight of the string and centrifugal force. At the highest 
point of the circle, the tension in the string is the difference 
between the centrifugal force and the weight of the particle 
[Fig 12.17 (i) ]. If the velocity of the particle at the lowest 
point A is V, then the tension in the string 


mV z G) ; 
m Fig. 1217 


Also if the velocity at the highest point B be V», then the tension in the string 
a nV? 


T- -mge (ii) 


In the limiting case i.e., when the particle is just able to continue its circular motion we put T, =90 


Then from equation (ii), Vz = ABUS a (iii) 
So, it i$ evident that if the velocity of the particle at the highest point be less than V, the string will 
slacken and the- particle will no longer be able to remain in circular path and will fall down. 


To maintain the minimum velocity V; at the highest point of the circle, the particle should be given a 
minimum velocity at the point A such that as the particle goes up along the circle, its velocity greadually 
decreases and becomes V; at the highest point. Let the required velocity at the lowest point A be Vj. 
Then applying the principle of conservation of energy at the point A and B of the circle we write 


I roa ln 

< mV)? --mVót* mg2 

2 mv) 2 mv, ger À 

2 

V2 = Vp? +4rg=5rg [77 Jre] 

ES J5rg 

The required minimum velocity Vmin = V5rg 

From the equation (ii) if T is positive the string will remain under tension and the particle will be able 

continue the circular path. On the other hand, when T» is negative, the string will slacken and particle 
will fall down. 


Hence the particle will remain in the circle, if the velocity at the lowest point is Vj > y5rg 


At the lowest point if the minimum velocity of the particle be Vinin = /5rg then the tension in the 


string at the lowest point in 
T= * (ar) 4ungeomg voles rts He (v) 


In general, the tension in the string at any point P [ Fig 12.17 (ii) ] is 


mv? [ © = angle made by the string with the vertical, 
V = velocity of the particle at Rly 


T= mg cos0 + 


cos ==" [A= AD] 
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12.19. Motion of a particle inside a hollow tube or sphere : 


In the fig 12.18 cross section of the tube or the sphere is shown. At the lowest 
point the normal reaction is E 


mV" VAS 
mg R,- -mg-m|——-g 
Fig. 12.18 Y 
12.20. Some important points : 


(i) When a particle moves in a vertical circle, it will be able to remain in the circle if the velocity at 


the lowest point be Vi — J5gr . 
(ii) Under this condition the velocity at the highest point will be Jar a 


(iii) When the string is horizontal, the velocity of the particle is 3rg 
2 
(iv) Tension in the string when it is at angle 0 with the vertical is T=mgcos@ + su 
(a), at the lowest point 0 = 0°, T = 6 mg 
(b) at the highest point, 9 = 180°, T=0 
(c) at the horizontal position, 0 = 90°, T = 3 mg 
Example 12.15. A stone is tied by a rope and is whirled in a vertical circle with uniform speed. 
The difference between the maximum and minimum tension in the string is 0:5 kg-wt. What is the 
mass of the stone ? 
Solution : Centrifugal force at the highest. point, F, = mg + T, and centrifugal force at the lowest 
point, F,” =T,- mg. Since angular velocity is uniform, F,’ = F,” 
T,-T, =2mg or, O-Sxg=2mg +. m-0-25kg 
mass of the body = 250 gm 
Ex. 12.16. A horizontal disc is rotating about a vertical axis passing through its centre at the 
speed of 120 rpm. A small body is kept on the disc at a distance of 5 cm from its centre. Calculate 
the minimum value of the coefficient of friction between the body and the disc so that it does not fly 
off. 
Solution : A body of mass m kept at a distance of r from the centre as rotation will not fly off if the 
following condition is satisfied : 


pmgzmotr Here, 
peor @ = 2nn = 2n x 2 = 4m rad/sec 
g r =005m 
(47)? x 0-05 g = 9-8 ms? 
9-8 
u 20-806 4 Umin = 0:806 


So, the minimum value of coefficient of friction = 0.806 
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Ex. 12.17 : A cylindrical steel drum of inner radius 10 cm is rotating about its vertical axis 
When the speed of the drum is 180 rpm a small steel ball remain attached at the inner surface of the 
drum and rotates with it. If the speed is below 180 rpm, the ball falls down. Calculate the coefficient 
of friction between the ball and the cylinder g = 980 cm s, 

Solution : The steel ball is in limiting condition and the difference forces 
acting on it are shown in the fig [ 12.19 ]. Considering equilibrium of the ball 


we write 


F; = mg or, ` uN mg and N -mo?r 


2 g 
umo*r=mg ^ M= 
or g = 980cm s? 
pel 29:276 w = 2nn=6nrad/s 
(61)^ x10 r = 10cm 


i 
Fig. 12:19 


. The coefficient of friction = 0:276 
Ex. 12.18. The radius of curvature of a convex bridge is 15 m. What 


" 
V 
ee can be the maximum velocity of the car at the highest point of the bridge 
V so that it does not lose contact with the bridge ? 
Solution : Let V be the maximum velocity of the car for which it does 
mg not lose contact with the bridge at its highest point, Then 
i 
u^ mv? 
[i —— = mg 
! r 
e — 
Fig. 1220 V2 rg = Ji5x9-8 ms! = 12:12 ms"! = 43-64 km/hr 


12.21. Conical Pendulum : : 

Conical pendulum is a small body suspended by a weightless and flexible string which can rotate in 
a horizontal plane about à vertical axis with uniform speed, so, the string of the conical pendulum describes 
the curved surface of a cone. 

In fig 12.21, the bob (B) of the pendulum rotates along à horizontal circle of radius. r with respect to 
the vertical axis passing through the centre O of the circle and the point of suspension P. The length of the 
string is / and 0 is the semi-vertical angle. 

Different forces acting on the bob are shown in fig. 12.21. Considering 
equilibrium of the bob 


Tcos0- mg and Tsin 0 = mo?r 


Now r=/sin@ ^. Tsin 0 = mo?l.sin @ 


. Temo?l 


2 = S | g 
mol cos 0 2 mg => O= 700g 
| 3 mg 
Fig. 1221 
time period, T22* -2n 1cos 8 ig 
Li g 


Example 12.19. A small bob of mass 5 gm is suspended by a string of length /=30 cm and describes 
a horizontal circle of radius r. Calculate the speed of the bob if the string makes an angle of 45° with 
the vertical axis. Also find (i) the time period of revolution and (ii) the tension in the string. 
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Solution : The situation is shown in fig 12.22. The different forces in the bob are shown in fig. 
containing the equilibrium of the bob. 
2 
Tcos45?— mg, Tsin45*— c 
30 
Now, r=Icos 45°=—==21-3cm 
v2 


2 
also, tan 45° = 7. z v=4rg 


v2421.3x980 2144-48 cm s! 


2nr 2nx213 


(i) Next time period of revolution t = 144.48 — 0-926sec 
5x980 
(ii) Tension in the string, T = UU a EN 6909 dyne 
cos45* 1/42 


© SHORT-ANSWER TYPE QUESTIONS (With Answers) e 


Q. 1. A stone tied to the end of a string is whirled in a circle. If the string breaks the stone flied 
away tangentially. Why ? 

Ans. The instantaneous velocity of the stone as it goes round the circular path is tangential to the 
circle. When the string breaks the centripetal force ceases to act. So, no force acts on the stone. Hence by 
Newton’s first law, it will continue to move along a straight line. So it will fly off along the tangent to the 
circuler path. 

Q. 2. For a uniform circular motion does the direction of the centripetal force depend upon the 
sense of rotation ? 

Ans. The direction of the centripetal force does not depend, whether the body is moving in clockwise 
or anticlockwise direction. The force is always directed along the radius towards the centre of the circular 
path. 

Q. 3. A bucket full of water is rotated in a vertical circle. Explain why the water does not fall ? 

Ans. The fig 12.23 shows a bucket containing water is whirled in a circle. Let 


v be the velocity of the bucket at the top of the circular path. The centripetal force 
s v 


BA 
: ó i 1 ; my? |. 
required to rotate the bucket in vertical circle is F Sa When m = mass of CI 

water and r is the radius of the path. Now, the weight of water plus the normal 

reaction N of the bottom of the bucket provide the necessary centripetal force. So, 

2 2 
N+mg= oe jc - -mg 
F zi 


The above experience shows that so long as v is larger than Ver the water Fig. 12-23 
will not fall. 

Q. 4. A hemispherical bowl of radius 0-1 m is rotated about a vertical axis passing through the 
centre of the bowl with an angular velocity œ. A particle of mass m = 10-2 kg placed inside the bowl 
also rotates with the bowl. If the height of the position of the particle from the bottom of the bowl be 
h, find the relation between A and o. [LIT 1993 ] 

Ans. Consider the fig 12.24, when the bowl with the particle rotates the position of the purticie is A. 
The different forces acting on the particle are shown in fig. 
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Ncos0 2 mg and N sin 0 = mo?r 
2 

tano = 2 7- 


If R be the radius of the vessel, tan SL 


|» R-h 
OE 
r Ud RS TQ Fig. 1224 
gun EE > ne RHO ig 


Q. 5. A small body starts falling from the top of a smooth sphere of radius R. When will it lose 
contact with the sphere ? 


Ans. Consider the fig 12.25. From the highest point A, the small 


N body starts falling. When the particle is at P, different forces acting 
on the body is shown in fig. If the speed of the body at the point P be 
v then 
mg sin 0 , 2 
mg cos 8 — N= — [ N = normal reaction ] 


When the body loses contact with the sphere, N = 0 
mg cos 8 - my? ED MEET y»? 
Fig. 1225 S mg COS PI TE SUA Re 

So, when the line joining the position of the particle and the centre of the sphere makes angle 8 
( given above) with the vertical, it will lose contact with the ground. 

Q. 6. A tube of length L is full of liquid of mass M and closed of both ends. The tube is rotated 
about its one end in the horizontal plane with an angular velocity œ. How much force will be exerted 
on the other end ? [ L I. T. 1992] 


Ans. It may be assumed that the mass (M) of the liquid is concentrated at its centre. 


Ei L 
The centrifugal force at the centre of mass of the liquid is. Fc = Mo". 


1 
+. The force exerted by the liquid at the other end of the tube = > Mo?L 


Q. 7. Give the difference between the centrifugal reaction and centripetal force. 

Ans. Centrifugal reaction is the reaction to centripetal force. So it is a real force. Centrifugal force is 
the force acting on a body in a rotating frame. It is not a action-reaction force. So it is not a real force. It 
is called a pseudo force. 

Q. 8. A vehicle of mass M is moving along a concave bridge with a velocity v. If the radius of 
curvature of the bridge be R, how much force is exerted at the lowest point of the bridge. 


Ans. When a vehicle moves over a concave bridge a centrifugal force acts on 


the vehicle. At the lowest point of the bridge this force acts in the vertically N 
downward direction as the wt. of the vehicle [ Fig 12.26]. So, the total force 
- my? Y 
exerted on the bridge is N = mg + EHE 
Q.9. A simple pendulum of mass m is deflected by an angle from its Mg+ Me 
mean position and released. What is the tension in the string when it crosses Fig. 12:26 


the mean position ? 
Phy ()—17 
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Ans. Consider the fig 12.27. The pendulum is deflected by angle 0 from its mean position A to the 
position B when it rises vertical by a height h. If is the released B and let its 
velocity is v when it crosses its mean position A. 
1 
zm =mgh s y= Pgh 
Now, from the figure h = /—1 cos @=1(1—cos 9) 
So, the tension in the string at the mean position A is 
2 
mv" — 


T=mg+ 7 mg + T 2gl (1— cos 0) 


Fig. 1227 T = mg (3-2 cos 0) 


* MISCELLANEOUS EXAMPLES e 


Example 12.20. A particle travels a semi circular path of radius 160 cm in 10 sec. Calculate 
. i) average speed, (ii) average velocity and (iii) average acceleration. 


mR 160 » 
Solution : (i) average speed, v=— = SX =50-24 cm s^! 


E 
t 10 VA 
(ii) average velocity, V = UE = d 232cms^! 


V-V, V, 
(iii) average acceleration z — d bal 2 Fig. 12:28 
Gat] BR ( BR) 2xR 2wx160 |. s 
Hot t t 100 


Ex. 12.21. A heavy particle is suspended by a string from a fixed point. It is given a horizontal 


velocity of vgl at the lowest point. When the tension in the string is equal to the weight of the 
particle, what is the velocity of the particle and the angle of inclination of the string ? 
Solution : As in fig. 12.29, OA is the string of length /. The particle attached 


to the string is given a velocity u= gl at the point A. Let at the point C, 
tension in the string is equal to the weight of the particle. 


D 


So T = mg. If the speed of the particle at C be v then, 
2 2 
S T= mg cos 0 77— ts mg — mg cos @ =" 
mg 
A u= gl , 
Fig. 1229 vel SAP agi (qo cos) 7. 20002 1 dp rennes G) 


Applying the principle of conservation of energy at A and C’ 
ime = ime -mgh [h=AB] 


= + mu - mgl (1 cos 0) [7 421-1cos 6] 


v? = gl — 2gl (1— cos CD) foto tar. Sea lt cR EU ERR (ii) 
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From equation (i) and (ii) gl (1—cos 0) = gl - 2g! (1— cos 9) 


cos0 = 2 n 8= cos e 
3 3 
2 2Y- gl l 
v= i( -2)\-£ Ce Bh 
8g 3 3 22V 3 
: 1 
Velocity of the bob — > and angle of inclination of the string = cos™! (5). 


Ex. 12.22. A small body slides down a frictionless track after being released from rest from a 
point at a height h. The track ends in a circular loop of diameter D in the vertical plane. The body 
remains in contact with the loop às it moves along it. Find the relation between h and D. 


Solution : The small body is released from A at a height *h' from the 


lowest point of the track B. Its velocity at the point B is obtained from A 


nOn do Ne US iter GUN D a (i) 


After B it goes round a circular loop of diameter D. So, its velocity 
at the lowest point must be 


Fig. 12:30 


From the equation (i) and (ii) 2gh= Sap sed 5 D 


It is the required relation between h and D. 
Ex. 12.23 : A tram car of mass 6 x 10 ? kg is moving in a circular track of radius 120 m with a 


speed of 18 km / hr. How much lateral force it exerts on the rails ? 
pA 


Solution : The required centripetal force for the motion of the tram car 1n à circle is Fo = cater 


The frictional force between the road and the wheel provides the centripetal force. So the lateral force 
exerted by the wheels of the car on the rails is 


3 
2 6x10? x5? m = 6x 10 Kg 

Fg = = erasa y = 5mst 

r = 120m 


Lateral force = 1-25 x 10 3N 
Ex. 12.24: A coin placed on a horizontal table rotating at 334 rpm, revolves with the table 
without slipping, provided the coin is not more than 40 cm away from the axis. How far from the 
axis can the coin be placed so that it revolves with the table without slipping if the turn table rotates 
at 45 rpm ? (g = 980 cm s?) [ J. E. E. 1995] 
Solution : When the coin is about to slide, the limiting friction will be equal to the maximum value of 
centripetal force. 


limiting friction, Fg = mor 
Here m is the mass, @ the angular velocity and ris the distance of the coin from the axis of rotation. 


In the first case, Fg = moy n? and in the second case, Fs = mor? 
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Ex. 12.25 : A particle is describing a horizontal circle inside a conical funnel [ Fig 12.31]. If the 
height of the plane of the circle be 9.8 cm, calculate the velocity of the particle. 

Solution : The different forces acting on the particle is shown in fig 
12.31. The forces are : 

(i) Weight of the body, mg (downwards) 

(ii) Normal reaction of the cone, R 


2 
(iii) Centrifugal force, Fç = ird [ v = speed of the particle ] 


Considering the equilibrium of the particle 


2 
R cos 0 = "7— and R sin 0 = mg 


v 
r ix 
ES a v eh =¥9-8x9-8x10 =0.98ems~! 


Ex. 12.26 : Two blocks of masses 6 kg and 10 kg are attached to the ends of a light inextensible 
string which passes over a frictionless ring at P. The light bob describes a horizontal circle about the 


Sie oe: 
heavier block ( which is stationary at Q ) as the centre. Show that PQ= z where / is the length of 
the string and the time period of revolution of the lighter block is Ton where g is the 
g 


acceleration due to gravity. 


Solution : The arrangement is shown in fig 12.32. 
T is the tension and 9 is the angle between the segments of the string. It œw be the angular velocity of 
the lighter body be c then, 


T=10g, Tcos@=6g and Tsin@=6w2r 
3 4 
cos 8 =— sin § =— 
5 and 5 
Let PD=x, PQ- x.cos0 


length of the string, 1=PD+PQ=x(l+cos@) = t=] 


5I 
PQ-xcs0- Fx 2=2 (proved) 


Now, T. sin @=6@"r Fig. 12:32 
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4 
10g x 60^. x.sin8 [r=xsin 6] 


2 


^. 
Pom ; 2n 3l 3l 
o2455 .. time period T'-—-2mT4;--7T45- 
3l P o “tise V2e 


Ex. 12.27 : A rubber ring is tightly fixed on a wheel of radius 40 cm. Now, the wheel is set into 
rotation at gradually increasing speed. When the rotational speed is 1200 rpm, the rubber ring 
slackens. What was the strain of the rubber ring before the wheel rotates ? Given Y = 5:5 x 10° dyne 
/ cm? and density = 0-95 g / c.c 

Solution : We consider a small part of the ring AB = Al, Al 
subtends an angle 20 at the centre at the wheel. If the longitudinal 
tension along the ring be T [ Fig 12.33] then, radial component of the 


tension Tg = 2T sin 6 along có . When the wheel rotates centrifugal 


force is generated. Now, the centrifugal force on AB is, Fc — mor. 


Here m = mass of the length AB = Al. A. p. [ A = area of cross 


section of the rubber ring, r = radius of the wheel and p density of ENS 
rubber ] 0 Cols 
At equilibrium 2T sin 0 = mo?r 
s 2T0-2mo?r [," Osmall] -..+--- (i) 
T n x 1 mor 
Now stress of the ring = = and strain =--=—-—.— 
A AY AY 20 
Al 
Now, Aler20 0-2 
2r p = 0:95 g/cc. 
Strain = Ar A.p) @? x T xr= E (or)? y = 55 x 10? dynes/cm? 
@ = 2nn- 40r rad/s 
Strain = ud i x (407 x 40)" =4.36x10> r = 40cm 
5.5x10 


Ex.12.28: A small body is placed at the top of a smooth sphere of radius R. What horizontal 
velocity be given to the body so that it loses contact with the sphere when its height from the centre 
of the sphere is 4R/5. 

Solution : Let at the highest point A of the sphere, the body is given a 
A horizontal velocity vy. When it comes to the point B along the surface, it loses 
contact with the sphere. If v be the velocity of the sphere at B then, 


2 
pasa zu. i 
mg cos 9 = R = cos0 Ree en (i) 


Applying the principle of conservation of energy at A and B, we get 


im - im = mg (AC) 2 mg (R — x) 


v =v 4+2g (R-x) 


Fig. 1234 
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Again cos 0 = x , Now, from equation (i) v? = Rg cose 
2 REO 
Vo +2g(R-x)=Re p= 


4R 4R 
vo =8 (3x-2R)=8 (2B -28) [5-4] 


vo = = It is the required velocity. 


Ex. 12.29 : The road way bridge over a canal is in the form of an arc of a circle of radius 50 ft. 
What is the maximum speed with which a car can cross the bridge without leaving the ground at 
the highest point ? [ J. E. E 2001] 


mv? Solution : Let the maximum speed of the car at the highest point of the 
P Vu bridge be v. Considering the equilibrium of the car. N+ ae =mg 
i‘ At the maximum speed of the car N = 0 
mg 2 
H2 A0 vy 7450x 32 = 40 ft/s 


Ex. 12.30: A small body is at the bottom of a hemisphere. The coefficient of friction between 
the body and the sphere is p. The hemisphere is rotated about a vertical axis passing through its 
centre. When the body is at the highest position, the radius joining the body and the centre of the 


GR  sec0— u cosec 0 


sphere makes angle 0 with the vertical. Show that xa = 1+ p.tan 


Solution : In the fig 12.36, the hemisphere is rotating about its vertical axis OA at a constant angular 
velocity œ. At the highest position of the body at P different forces acting on the particle is shown in fig. 
Considering equilibrium of the body. : 


mg cos0 + mor sin @=N 
and mgsin0- mar cos @ + uN. 
= mo?r cos 0 + u (mg cos 0+ mor sin 0) 
mg (sin 9 — pt cos 0) = mo?r (cos 0 +p sin 8) 


o)r _ sin@—p cos 
cos 0 + usin 0 


& 
w*Rsin@ _ sin 0- p cos 0 Fig. 1236 
ot g  cos@+p.sin@ - 


@?R_ l-p.cot9 _ sec 9- y.cosec 8 
g  cosOt+psinOd  —— l-ptanO 
Ex. 12.31: A man is to be put into a circular orbit at a distance of 16 x 10° m above the surface 
of the earth. The earth’s radius is 6:37 x 106 m and mass is 5-98 x 102^ kg. What is the orbital 
speed? [G = 667 x 10-1! N m?/kg ?] [ J. E. E. 1996] 
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Solution : Orbital speed of an artificial satelite moving in a circular orbit at a height h above the 


earth's surface is 
aa GM. G = 667 x 1071! N-m?/Kg? 
[297 M= 598 x 10% Kg 


— [6671071 x5-98%x10% | Risi Sa lz im 
6:37x106 + 0-16 x 10° hue WSs 
27.81 x I ms! =7-81kms 
<. The orbital speed = 7:81 km s! 
Ex. 12.32: The driver of a car travelling at a velocity u suddenly sees a broad wall in front of 


him at a distance ‘a’. Is it better to brake or to turn sharply ? 
Solution : Let the driver applies brake to stop the car. If F be the opposing force applied. Then by 


conservation of energy principle 


CSDL nune ; 
Facjmu OUT e des ati sede e die () 


Now, let instead of applying brake the driven of the car takes a turn of radius ‘a’. The centripetal force 


2 
i would be provided by friction. Thus the frictional force that comes into play is 


Comparing (i) and (ii) we see that F^» F. Hence it is safe to brake than to take a sharp turn. 


Ex. 12.33 : A small body A starts sliding off the top of a smooth sphere of radius r. Find the 
angle corresponding to the point at which the body breaks off the 
sphere ; Also calculate break off velocity of the body. 

Solution : Suppose the small body is initially at A and breaks off the 
sphere at an angle 0 at B. Considering equilibrium of the body at B, 


mg cos0-R- us Now, when it breaks off, R — 0. 


i y2 =rg cos (Vases aa A recor erin rons CUCICIGUCOR AE TENE (i) 
Here v = linear velocity of the body at B. 

Next we apply conservation of energy at A and B. 

loss of potential energy = gain of kinetic energy. Fig, 12:37 
2 


mg.(AC) = i my 
or, mg(r-r cos8) = iw [AC 2 r-r cos] 

Foe Darl cosh) desserts (ii) 
Hence from (i) and (ii), cos = 2(1- cos 0) 

8 - cos! G 
3 
The velocity at break-off point, v= 2gr(1 = 2) 


Ae 
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Ex. 12.34 : A smooth semi-circular wire track of radius R is fixed in a vertical plane [fig. 12.38]. 


3R . 7 
One end of a massless spring of natural length = is attached to the lowest point 


O of the wire-track. A small ring of mass m, which can slide on the track, is attached 
to the other end of the spring. The ring is held stationary at point P such that the 
spring makes an angle of 60° with the vertical. The spring constant k = mg/R. 
Consider the instant when the ring is released and (i) draw the free body diagram 
of the ring, (ii) determine the tangential acceleration of the ring and normal reaction. 

[I. I. T. 1996] 


Solution : If is clear from the free body diagram [fig. 12.39] OP = R. 


[9] 
ig. 12-38 
ps So, spring has extended by x= r-38 =È. 
From the free body diagram we write 
2 

kx cos60° + N-mg cos60°= TR- isses ET (i) 
and kx sin60°tmgsin60°=ma, ....... 0. cece cee eee (ii) 
Where a, is the tangential acceleration 
From (i), N = mg cos60° — = x E -cos 60° [ ~ v=0 initially] 

_ 3mg y 2d 
rage tal =g” Fig. 12:39 


and from (ii), tangential acceleration is 
ai (2E Reng) sn 9 588 545 
4 m 4 2 8 
Ex 12.35 : Two particles each of mass m, are attached to the two ends of a light string of length 
l which passes through a hole at the centre of a smooth table. One particle describes a circle on the 


table with angular velocity w, and the other describes a circle as a conical pendulum with angular 
velocity w, below the table. If 1, and 1, are the lengths of the portions of the 


W 
1 l string above and below the table, then show that 
l w 1 1 L 
1 2 
i L xe 
b w. z wj? wi? 8 


Solution : The situation is shown in fig 12.40 T is the tension in the string. 
Considering the particle on the table 


Tem Ww Sel ee Gade A Nifi cal G) 
and for the particle below the table 
Pig: 1340 T'sinO s ni) sing. w, "2035 c2 7 9A Tm e] (i) 
a CORD T PRUNUS (iii) 
2 
maona eee 
rom (i) and (ii), L w? Cr APO TREO E AE E Ete (iv) 


dk T. 
Further, 7 ——, and h = D 
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IU NE eerie ml cos 
w? w? qg mg [ From (iii)] 
lcos0 | 
- TUR 
8 [4 


Ex. 12.36 : Two masses m and M are connected by a light string which passes through a hole (0) 
at the centre of the table. Mass m lies on the table and M hangs vertically. The 
mass m rotates along a horizontal circle with the hole as the centre. If / be the 
length of the horizontal portion of the string, find the frequency with which m 
must revolve so that M remains stationary. 

Solution : Consider the fig 12.41. Let T be the tension in the string. Then, 


T=Mgand T= mlo? 


where c is the required angular velocity of mass m so that M remains stationary. Fig. 12-41 
Mg o 1 [Mg 
Q = J— EIE em aem rs 
ml equency, Son 2r V ml 


Ex. 12.37: The kinetic energy K of a particle moving along a circle of radius R depends on the 
distance covered s as K = as?. Calculate the force acting on the particle. 
Solution : If m be the mass and v be the linear speed of the particle, then 


1 ny? = as? Vi v=% 
2 m 


S 
Tangential acceleration, a, = M = (i E] = Em 
2as? 


v2 


and centripetal acceleration, a, = Tiber 
m 


Resultant acceleration, a= a? + a? 


Force on the particle, F=ma=m 


Short answer type questions : 


Define angular velocity. How is it related to linear velocity ? 
What is angular acceleration ? Give its relation with linear acceleration. 
What is centripetal force ? What is the necessity of this force ? 
What furnishes the required centripetal force in each of the following ? 
(a) the earth revolving round the sun. 
(b) a car turning a corner. 
(c) an electron revolving round the nucleus. 
5. What is the name of the reaction of centripetal force ? Is this reaction real or fictitious ? 
6. What is centrifugal force ? Mention its difference from centrifugal reaction. 
7. Why is centrifugal force called pseudo force ? [ H. S. 1997] 
8. Why is centripetal force called ‘no work' force ? 
9. When milk is churmed the cream separates from it and gets collected, where ? 
10. Why is a force required to rotate a body along a circular path ? What is the name of this force ? 


Penne P 
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11. 
12. 
313: 
14. 
15. 


16. 


17. 
18. 


19. 
20. 


21. 
22. 


23. 
24. 
25. 
26. 
27. 
28. 
29. 


30. 
31. 


32. 


33. 
34. 


35. 
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What is the analogous quantity in rotational motion to the force in the case of translation motion? 
G [ J. E: E. 1991] 
A car is moving with a velocity v. The driver of the car suddenly sees a vertical wall in front of him. Is it better 
to apply brake or take a turn to avoid accident ? Explain. 
What is moment ọf a force ? On which factor the turning effect of the force depend ? 
What is couple ? What is meant by moment of the couple ? 
In the case of linear motion, a body can move without any acceleration, but the circular motion the particle must 
have an acceleration. Explain. 
A constant force F is applied on a body of mass m, such that the direction of the force is always perpendicular 
to the direction of motion of the body. Describe the motion of the body, specifying its acceleration in direction 
and magnitude. Also find the rate at which work is done by F, if the instantaneous speed has a value u. 
. [ J. E. E. '79] 
When a car moves over a convex bridge with a high speed, the passengers in the lift feels lighter. Explain. 
Two identical trains are moving in opposite directions over the rails along the equator with equal speed. Will 
both the trains exert same pressure on the rails ? 
A stone of mass m is rotated in a vertical circle of radius r at constant speed œ. What is the tension at the lowest 
and highest point of the path. 
A body of mass 10 Kg is suspended from a spring balance suspended from the ceiling of a artificial satellite 
revolving the earth. What will be the reading of the spring balance ? 
A cyclists while negotiating a turn on a horizontal road leans inwards instinctively. Explain the reason. 
The radius of curvature of a convex bridge in r. A car is crossing the river with the speed v. Show that if vs rg 
the car will not jump of the bridge at the highest point. 
The weight of a body at the equator is zero. Calculate the number of days in a year. Radius of the earth = 6400 
km. 
At what maximum speed a vehicle can take a turn on a horizontal road without skidding ? The coefficient of 
friction between the vertical and the road is |t. 
What is banking of a road ? Why is'it done ? 
At the bend why is the outer rail is slightly elevated than the inner rail of rail lines ? 
A simple pendulum is suspended from the ceiling of a vehicle which is moving along a circular track. Why the 
pendulum does not remain vertical ? 
From the condition of no skidding of a vehicle at the bend of a horizontal road, obtain the expression for 
maximum velocity of the vehicle. 
Why is a force needed to rotate a body along a circular path ? What is the direction of this force? On which 
factors its value depend ? 
What is conical pendulum ? 
Explain the following statements : 
(a) Centrifugal force is a pseudo force. 
(b) Centrifugal reaction is a real force. 
(c) Centripetal force is a ‘no work’ force. 
(d) The earth is a oblate spheroid. 
(e) A cyclist rounding a curve always leans inwards. 
(f) It is possible to rotate a bucket full water in a vertical circle without spilling water. 
(g) When a car turns sharply towards left, passengers lean towards right. 
(h) When milk is charmed, the cream separates from it. . 
Due to the force applied by the sun on the earth, earth moves round the sun in circular orbit. Does the sun 
performs any work for this motion of the earth ? Explain. 1 [ H. S. 2002] 
What is a centripetal force ? Why is it called pseudo force? — ^ [ H. S. 1997] 
What is centripetal force ? Radius of the earth is 6400 km. Due to earth's diurnal rotation, what is the value of 
centripetal acceleration at the equator ? [ H. S. 1999] 
What are centrifugal and centripetal force ? Give examples. [ J. E. E. 1998] 
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B. Essay type questions : 


1. 


10. 
11. 


[e 


Determine the expression for the centripetal force on a particle, moving round a circular path with uniform 


speed. Mention the relation between angular and linear velocity of this particle. [ H. S. 1996] 
What we mean by centripetal force and centrufugal force ? Why is centrifugal force called pseudo force ? 
[ H. S. 1993] 


Why is a force needed to rotate a body along a circular path ? What is the name of the force ? Obtain an 
expression for the force. 
Duduce the condition of no skidding of a car at the bend of horizontal road. 


. What is banking of road ? Obtain the expression for the angle of banking in terms of speed and radius of 


curvature of the road. 
A cyclist rounding a curve always leans inwards. Deduce the expression for this angle in terms of speed and 
radius of curvature of the road. d 


. What we mean by centripetal and centrifugal force ? Explain why centrifugal force is called a no work force. 


[ J. E. E. '95, '98] 
A body is suspended by a string of length l. Show that if a horizontal velocity of Sgt is given to the body at 
its lowest position, then it will be able to complete a vertical circle. Prove that the tension at the lowest point is 


six times the tension at the highest point of the circular path. 
A stone of mass m is rotated in a vertical circle of radius R. Show that at the highest point the string will not 


slacken if the stone has a minimum velocity of ver at the highest point. [ H. S. 2000] 
Define centripetal force. Obtain an expression for it. [ H. S. 1998, 2002] 
A car is moving along a circular road of radius R. The banking angle is 9. Show that the car will not slip at 
rg (u + tan 8) Wis 
bend if the speed of the car does not exceed ¥=|— — 8. 
1-p tan 0 


Simple Numerical problems : 
A particle revolves round a circular path at 42 rpm. Calculate its angular velocity. [ Ans. 4.4 rad s T] 
The speed of a wheel is 1200 rpm. Calculate : (i) frequency (ii) angular velocity (iii) time period. 

[ Ans. (i) 20 kg, Gi) 125.6 red / s (iii) 0.05 s ] 
The breaking load of a string is 100 N. A stone of mass 50 g is whirled by the string in a horizontal plane. The 


E S n 1 E 
length of the string is 50 cm. At what frequency of revolution the string will break? [ Ans. D rad s 4 
The radius of curvature of a convex bridge over a canal is 20 m. At what maximum speed a car can cross the 
i 
river without leaving contact with the bridge at its highest point ? g = 9.8 ms? [Ans. 14 ms] 


[ Hints : Ae. N20] 
A body of mass 1 kg is rotated by a string length 50 cm in a vertical plane with a speed of 5 ms-!. What are the 
tensions in the string at the highest and lowest point of its path ? [ Ans. 54-8N, 40.2 N ] [ H. S. 1993] 
A spring of length 0-5 m and having force constant 10 Nnr! is fixed at one end and a block of mass 0:5 kg is 
attached at the other end. The system is placed on a horizontal table. Now the block is rotated at an angular 
velocity of 2 rad / s Show what will be the increase in length of the spring ? i [Ans. 0-1 m] 
A bucket full of water is rotated in a vertical circle of radius r. What should be the minimum velocity at the 
highest point so that the liquid does not spill. If the bucket has this minimum velocity at the highest point, what 
will be the tension in the rope at the lowest point of its path ? mass of water = m [ Ans. dre ,6mg] 
Two cars of masses rm, and m, are moving along a circular track of radius r, and ry respectly. If their time 
period of revolution be same, what is the ratio of their angular velocities ? [ Ans. 9, : à,-21:1] 
The distance between the earth and the moon is 2:85 x 10° km. If the time period of revolution of the moon 
round the earth be 27-3 days, calculate the acceleration of the moon with respect to the earth. 

[ Ans. 2:73 x 102 ms? ] 
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How much horizontal force is required to rotate a car of mass 150 kg in a circular path with a speed of 
20 km / hr. Calculate the required angle of banking of the road so as to derive this force from the norma 


reaction of the road. g = 10 m/s?, [ Ans. 500 N ; un "(1) 


A simple pendulum is hanging from the ceiling of a car. The car is running at a speed of 36 km/hr at the turn 
of a road. If the radius of curvature of the road be 10 m, what angle the string of the pendulum will make with 
the vertical? — g = 10 ms? [ Ans. 45° 
A stone of mass 250 gm is rotated in a horizontal plane by a string of length 1 m at the speed of 30 rpm, (i) 
What is the tension in the string ? (ii) If the string can bear maximum tension of 100 N, with what maximum 
speed it can'be rotated ? [ Ans. (i) 247 N (ii) Vmax = 20 ms! J 
A block of mass | kg is hanging from a string. The block is deflected by 30° from its mean position and then 
released. When the block cross the mean position what will be the tension of the string ? [Ans : 12:4 N 


The initial speed of a wheel is 400 rpm and after 4 sec the speed became 600 rpm. Calculate (i) angular 
acceleration and (ii) number of revolution made during this time. [ Ans. (i) 3E sg (ii) igo ] 


A body of mass | kg is rotated in a circle by a string of length 20 cm in a vertical plane. At what velocity at the 
highest point, the string will not slacken ? Corresponding to this velocity at the highest point, what will be its 
velocity at the lowest point of its path ? Also calculate tension in the rope at the lowest point. 
[ Ans. 140 cm / s, 313 cm / s, 6 kg-wt ] 
The radius of a curved path is 80 m. Calculate the maximum speed of a car so that it does not skid while 
negotiating the curve. Coefficient of friction between the car and the road is 0:25. [ Ans. 14 ms! ] 
A bulb is hanging from the roof of a train by a string the train moves in a curve the string makes an angle of 30^ 
with the vertical. If the radius of the curved track be 100 m. calculate the velocity of the train. 
[ Ans. 23:78 ms-!] 
A bucket full of water is rotated in a circle of radius 40 cm in a vertical plane. Calculate the minimum angular 
velocity of the bucket so that the water does not fall at the highest point of the circular path. 
[Ans. 4:95 rad s~! ] 
A horizontal disc is rotating about a vertical axis passing through its centre at an angular velocity of 60 rpm. A 
small object is placed on the disc at distance of 10 cm irom its centre. What should be coefficient of friction 


between the disc and the body so that it does not fly off ? [ Ans. nu 20-41 ] 


. A string can bear tension not more than 16 N. A stone of mass 50 gm is whirled by a string of length 50 cm in 


a horizontal plane. At what maximum rpm the stone can be rotated so that the string does not break ? 
[ Ans. 240 rpm | 


. If the equatorial radius of the earth be 6000 km, what will be the acceleration at the equatorial region ? 


[ Ans. 3:174 cm s? | 


. A stone is revolved in a circular path in a horizontal plaee by a string of length 0-5 m with uniform speed. If the 


string can bear a mzximum tension equal to 10 times the weight of the stone, calculate the maximum number of 
revolume per min so that the srring does not break. 

If the string is rotated in a vertical circle by the same string what can be the maximum number of revolutions 
now ? [ Ans. 2:23 rpm; 2.11 rpm ] 
A cylindrical drum of radius 9-8 cm is rotated with its axis vertical. When the speed of the drum in 200 rpm, 
a small body remains attached on the inner side of the drum, but the body falls if the speed of the drum be 
below this value. Calculate the coefficient of friction between the body and the drum. [ Ans. i = 0:228 ] 


. A small metal sphere of mass 200 m is hanging at the end of a string of length 1-5 m. Now the sphere is rotated 


ina horizontal circle of radius 50 cm. Calculate time period and tension in the string. 

[Ans. 239 sec; 208N] 
The bridge over a small river is like an arc of a circle of radius 20 m. What will be the maximum speed of a car 
so that it does not lose contact with the bridge at highest point ? [ Ans. 14 ms! ] 
In a circus show a motor cyclist revolves along a vertical circle inside a big cage. Calculate the minimum 
speed of the cyclist so that he does not lose contact with the cage at the highest point. Given, radius of the cage 
is 8 m. [ Ans. 8:85 m] 
The centre of gravity of a cargo truck is at a height of 3 m above the ground. The separation between the 
wheels is 3m. If the truck moves along a circular path of radius 200 m, what can be the maximum speed of 
the truck so that it does not overturn ? [ Ans. 31:3 ms! ] 


29. 


30. 


31. 


32. 
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A simple pendulum of length 1 m is at rest at its mean equilibrium position. A horizontal velocity of 10 ms"! 
is imparted to the bob. When the string of the pendulum becomes horizontal, what will be its speed ? Also 
calculate tension in the string at this position. Mass of the bob = 0-5 kg [ Ans. 8:97 ms~!; 402 N ] 
A string passes through a hole at the centre of horizontal table. Upper end of the string is tied to a mass m and 
at the lower end a body of mass M is hanging. If the mass m begins to rotate in a circle of radius r at a 


constant speed v, the mass M remains at rest, show that y= JMgrim - 


A stone of mass 0-02 kg is whirled along a vertical circular path by a string of length 10 cm. At the highest 
point of the path the velocity of the particle is 1 ms-!. Calculate (i) tension at the highest point (ii) tension at 
the lowest point and (tii) tension in the string when it is horizontal. 
[ Ans. (i) 4 x 103 N, (ii) 1-18 N; (iii) 0-592 N ] 
A smooth circular tube is fixed in a vertical plane, From the highest point of the tube a small particle of mass 
m dropped along the tube. When the angular displacement of the particle is ©, how much force the particle will 
exert on the tube ? [ Ans. (3 cos 8 — 2 ) mg] 
A particle of mass 100 gm is suspended from the end of a weightless string of length 100 cm and is allowed 
to swing in a vertical circle. The speed of the particle is 200 cm / s. When the string makes an angle of 0 — 
60° with the vertical, determine (i) the tension in the string at @ = 60° and (ii) the speed of the particle when 
it is at the lowest position. Acceleration due to gravity = 980 cm / s 
[ Ans. (i) 0:89 N (ii) 3-715 ms-! ] [ J. E. E. 1993 ] 
A sphere of mass 'M' is hanging at the lower end of a string of length /. A bullet of mass ‘m’ moving 
horizontally hits the sphere and stick to it. What should be the minimum velocity of the bullet so that the 


sphere will be able to go an a full circle ? [ Ans. (z2) RETI ] 


If the distance of the earth from the sun becomes double of the present distance, calculate the number of days 
in a year [ Hints : T? a? ] [ Ans. 1032 days ] 
What should be the angular velocity of the earth so that the weight of a body at the equator be 60% of its 
present weight ? Radius of the earth = 6400 km [ Ans. 7:8 x 10 rad / s ] 
From the top of a smooth sphere of radius r, a small body begins to slide down the surface of the sphere. At 
what angular displacement, the small body will loose contact with the sphere ? What will be its velocity at 


mor là, yale 
[Ans @=cos 4; Y 3er 1 


their moment ? 


A car passes over a convex bridge. The centre of gravity of the car follows an arc if a circle of radius 88 ft. 
Assuming that the car has a weight of 2 tones, find the force the car will exert at the highest point of the 
bridge, if the velocity of the car be 30 miles per hr ; at what speed will the car loose contact with the road ? 

[ Ans. 44800 poundal ; 53-07 ft / sec ] [ J. E. E. 1998] 


D. Harder Numerical problem : 


1. 


A coin is placed on a horizontal turn table rotating at 33l rpm revolves with the table without slipping 


provided the coin is not move that 10 cm away from the axis. How far from the axis can the coin in placed 
so that it revolves with the table without slipping if the turn table rotates at 45 rpm ? ( g = 980 cm / s? 
[Ans. 549 cm] [J. E. E. 1995] 
A body is allowed to fall from a height h on an inclined plane and on reaching the bottom it moves along a 
circular track of radius r. What should be the minimum value of A so that the body will be able to describe a 


circle ? [ Ans. hir] Ncos0 (b 
A small body is resting on the top of a sphere of radius R. What horizontal —(x/2 
velocity be given to it so that it will loose contact with the sphere when : 


its height from the centre is 0-8 R ? 

A small sphere of mass m is on the inner surface of a funnel whose 
semi-vertical angle is (7% / 2 — 0 ). The coefficient of friction between 
the funnel and the sphere is p. If the sphere be at a distance r from the 
axis and the funnel rotates about its vertical axis then, for what value of 
angular velocity of the funnel, the sphere will tend to move upwards 


along the funnel ? 


Nsin® , 
(1/2-9) 


Fig. 12-42 
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[ Ans. ®= 


& sin @ + cos 0 
r V cos 0 -p sin 8 


[ Hints : Considering the equilibrium of the body 
Ncos0-mg--uN sin and Nsin@=mw7r—pN cos® ] 


. The radius of the circular bent of a road is r and angle of banking 0. Show that the car will not skid if the 


rg (u +tané) 
1-ptand 

A car moves in a curve of radius of curvature R. The width between the wheels x and the height of the c.g. from 

the ground is 4. With what velocity must the car move in order that the vertical force on the inside wheels shall 


maximum speed of the caris Y= when m = Coefficient of friction between the car and the road, 


Rex 
2h 
A mass m on a frictionless table is attacked to a hanging mass M by a thread through a hole in a table. Find the 
condition between the given quantities so that when the mass m spins, the mass M will be at rest. 
[ Ans. ue Me ] 
Two blocks of equal mass are connected by an inextensible string. The string passes through a hole on a smooth 
table. One of the blocks is on the table and the other is hanging below the table. The block on the table is 
revoluing along a circle of radius of 15 cm. At what angular speed it should rotate so that the block which is 
hanging will remain stationary ? [ Ans. 77:2 rpm ] 
A body of mass 50 kg is tied at one end a string of length /. The body is oscillating in a vertical plane with 
angular amplitude 05. When the string makes an angle 0 with the vertical what is tension in the string ? If the 
breaking load for the string be 80 kg what can be the maximum angular amplitude of the body ? 
[ Ans. 392 (3 cos 0 - 2 cos 05) N; 05 = 60° ] 
A vertical rod is fixed on a rotating table at a distance r from the axis of rotation. From the upper end of the rod 
a body is suspended by a string of length /. If the string makes an angle 0 with the vertical show that angular 


g tan 0 
4 Ae a 
velocity of the table is NEA 


A train is moving on rails which are bent in the form of a arc of a circle of radius 500 m. with a velocity of 
GOkm/hr. Separation between the two rails is 1-70 m. Calculate the elevation of the outer rail with respect to the 
inner rail so that there is no lateral force on the outer rail, given g =9-8 m/sec ?. [ Ans. 9-86 cm ] 
Two blocks of mass m, = 10 kg and m, = 5 kg connected to each other by a massless inextensible string of 
length 0-3 m are placed along a diameter of a turn table. The coefficient of friction between the table and m; is 
0-5 while there is no friction between m, and table. The table is rotating with an angular velocity of 10 rad / sec 
about a vertical axis passing through its centre O. The masses are placed along the diameter of the table either 
side of the centre O such that mass m, is at a distance of 0-124 m from O. The masses are observed to be at rest 
with respect to the table. (i) Calculate the frictional force on m}. (ii) What should be minimum angular speed of 
the turn table so that the masses will slip from the turn table ? [EET 97] 
[ Ans. (i) 36 Newton, (ii) 11-67 rad / sec ] 
A heavy sperical body is hanging from a string of length /. If the angular amplitude of rotation be 9j. calculate 
the maximum tension in the string. Assume the weight of the body W and its amplitudes small. 
[ Ans. T=W(1+6%))] 
The centre of gravity of a loaded vehicle is at a height 1-5 m from the ground and separation between two 
wheels is 2 m. At what maximum speed the vehicle can move on at the bent of a horizontal road so that it does 
not overturn ? * [Ans : 25-62 m / sec,] 
A particle of mass of m is rotating along a circle of radius R. Its velocity v changes with distances according to 
the relation »=AvVs where A is a constant. Calculate (i) accelaration of the particle. (ii) Maximum force on it. 


142 |4s*. E 
Ans. a-—AÀ ; Fema] 
[Ans. a 2 7 


be reduced to zero ? [ Ans. v= j: 
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. 16. A rubber ring is rigidly fixed on a wheel of radius 80 cm. The wheel is then rotated about an axis with 
increasing rate. The ring became just slack on the wheel when it is rotated at 1200 rpm. What was the strain on 
the rubber before the wheel started rotation ? Given young modulus of rubber Y = 5-5 x 10? dyne / cm ? and 
density 0:95 gm / cc [ Ans. 4:36 x 1073 ] 

17. A metallic chain of length 62-8 cm is fixed on a wooden wheel with the two ends of the chain connected 
together. When the wheel rotates at 60 rpm calculate the tension in the string. Assume mass of chain 40 gm. 
[ Ans. 9-2 kg-wt ] 
18. A small body of mass 0:5 kg is placed at the top of a fixed sphere of radius 50 cm. The 
block is pushed a little to move along the sphere. Calculate (i) when the body makes 30° 
with the vertical what force it will exert on the sphere. (ii) when it loses contact with the 
sphere how much angle it will make with the vertical. (iii) At what distance from the point 
of contact of the sphere the body will fall on the ground ? 
[ Ans. (i) 2:9 Newton, (ii) 0= cos Z, (iii) 0-73 m] 
19. In the fig 12-43 water in flowing through a rubber ring Radius of the ring is R and radius 
of the tube r. ( r < < R ) what force will be exerted on the rubber tube. [ Ans. 7 my 
20. A body of mass 100 gm is fixed at the lower end of a string of length | m and is rotated in Fig. 12:43 
a vertical circle about its other end. When the string makes 60° with the vertical its speed 
is 2 m/ sec. Calculate (i) Tension in the string when 0 = 60° (ii) Velocity of the body at lowest point. Given g 
29.8 m/ sec? [ Ans. (i) 0:89 Newton (ii) 3-13 m/sec ] 
21. A light rod of length / is placed vertically on the floor. A heavy sphere is placed on its 
upper end as shown in fig 12-44. From its vertical position the rod begins to fall. At what 
angle with the vertical the rod will not exert any force on the floor. 
[Ans. 0- cos! = 48°-10' ] 


7 22. A particle is moving along a circle of radius 1 cm. at a velocity V = 2t. Here V is measured 
Fig. 12:44 in cm / sec and t in sec. Calculate (i) radical accelaration of particle after t = 1 sec. (ii) Tangential 
acceleration after t = 1 sec, (iii) Total acceleration after t = 1 sec. [ Ans : (i) 4-0 cm / sec 2 (i) 2em/ sec ? 

Gii) 2 V5 cm / sec? ] 

23. A hemispherical bowl of radius R is rotating about a vertical axis passing through it centre. Small body 
remains at rest inside the bowl. If the hemishtpere be smooth and the radius passing through the body makes an 
angle 0, with the vertical, calculate the angular velocity of the bowl. [ Ans, ©=8/(R cos 9)] 

24. A horizontal rod of length / = 20 cm is rotated about a vertical aris at constant L 
angular velocity. At the other end of the rod a string of length 20 cm is attached and d 
at the lower end of the string a body of mass m is connected ( fig. 12-45). If the ay 
string makes an angle @ = 30° with the vertical what is the angular velocity of rod. g 1 
= 10 m/sec? [ Ans. @ = 4-4 rod / sec. ] i 

25. A string passes through fixed vertical tube at one end a mass M and other end mass 
m are attached ( fig. 12-41). The mass m is rotating in a horizontal circle. Length the Fig. 1245 
string from the tube to the mass m is / and the string makes an angle 6 with the $i 
vertical. If mass M is stationary calculate the frequency of revolution of m. 


PT Bri 
[Ans n= J ] [LET] 


26. A metallic wire of length 2m and having mass 0-4 kg is rotated in a horizontal circle. If the breaking stress of 
the wire 8 x 10? pa and area of cross section 8 x 10-5 m? at what frequency of revolution the wire will break? 
At what point it will break ? [ Ans. n = 63-6 Hz, at the upper end ] 
27. Angle of banking at the bend of a road is 10* and radius of curvature at the bend is 100 m. A car is moving at 
the bend. Coefficient of friction between car and road is 0-25. Calculate (i) At what maximum velocity of the 
car there will be no lateral pressure on the wheel ? (ii) Maximum velocity of the car so that it does not skid. 


[ Ans. (i) Vo = Rg tan@ =11-1m/sec (ii) V max - 209 m/sec] 


DYNAMICS OF ROTATIONAL 


MOTION 


TOPICS : Rotational motion ; Centre of mass; Momentum conservation and centre of 
mass motion. Examples of motion of centre of mass; Centre of mass of a rigid body; Relation 
between linear motion of a particle of a rigid body and its rotation; Torque and angular 
acceleration; Angular momentum; Relation between torque and angular momentum, Law of 
conservation of angular momentum; Power produced by a torque and work done ; Kinetic 
energy of rotation of a rigid body; The important theorems on moment of Inertia, Examples 
of two dimensional rigid body motion; Example. 


13.1. Rotational Motion : 

Rotational motion is as common in our daily life as translational motion. The wheels, blades of a fan, 
spinning tops, minute and hour hands of a clock all perform rotational motion. In purely rotational motion, 
a body does not move from one place to another i.e. it does not have any translational motion. It simply 
turns through a certain angle. 

Definition : A body is said to perform a purely rotational motion if every particle of the body 
moves in a circular path such that the centres of these circles lie on a straight 
line called the axis of rotation. 

However, we also find cases when the body describes both rotational and 
translational motion simultaneously. Example : 

(i) The wheel of a car rotates about the axle and at the same time covers a 
linear distance. 

(ii) The earth rotates about an axis passing through it and at the same time 
revolves round the sun. 

Fig. 13:1 If a body is.constrained to rotate about a fixed axis, its constituent particles 
undergo circular motion about the axis of rotation. Obviously the radius of the circular paths are all 
differents. The body as a whole does not move but the constituent particles describe linear distances along 
different circular: paths. Thus the motion of the constituent particles can be described in terms of linear 
quantities. But the rotational motion of the whole body can only be described in terms of angular quantities 
like angular displacement, angular velocity and angular acceleration. 
These quantities have been defined in the chapter of circular motion. 


13.2. Centre of Mass : 

We have the idea of centre of mass in the chapter of statics. 
Let us consider a system consisting of large number of particles 
all executing motion under an external force acting on it. It is found 
that there is a point in the system where if whole mass of the 
system is supposed to be concentrated, the nature of motion of 
the system remains unchanged, when the forces acting on the 
system are applied directly at this point. Such a point in the 
system is called centre of mass of the system. 


13.2.1. Centre of mass of a two particle system : 
X In fig. 13.2, A and B are the positions of two particles of mass m, and m, and having position vectors 
> 


X Fig. 132 


r) and 7? respectively with respect to the origin O of the co-ordinate axes. Then the position vector 7 
T. > > > 
af the centre of mass of the system is given by (mj +m) r =m +m n. 
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So, the product of total mass of the system and the position vector of the centre of mass is equal to the 
sum of the products of the individual masses and their respective position vectors, 


> > 
qe mr +m 
i m tt notos ovra NS 20M dps RIS olo de (13.1) 


Derivation : Let E ER, be the force acting on the particle A causing an acceleration a; of A. 
Here E is the force exerted on the particle A due to B and Fe is the external force on the particle A. 


f E ; 
Evidently Fj, 18 the internal force exerted by one part to the other part of the same system. 


Similarly net force E acting on the parui: B is R= =F EE, 
e 


3 


as 
When E is the force exerted by A on B. The net force E causes acceleration ay of tlie particle B 
of mass m, . So, the equation of motion of each particle is 


LUE NE I EM NE er. 
ma =F; =F +h. and m, a, =F, =F, +k, 
> > 


Now, by Newton's third law F,, = -Fz 


> > a 2 
ae + my a7 = He + Poe = TIS SUE Se ne ee A (13.2) 


Here ri is the total external force acting on the system. 
© Definition of centre of mass : The total mass of the system M =m; + m» . Let us say that the total 


; 2.4 > 
external force p acting on the system of mass M produces in it an acceleration q . So, its equation of 


2 : > 
motion is Ma =. E- a MESTRE SIE Da ate A 


> > > 
From the equation (13.2) and (13.3) we get M a =m a, + mj a? 
E E 
2, met? c gee ers E tee (13.4) 
M 
Here e is called the acceleration vector of the centre of mass of the system. Now, 
— A A 
a = [ pe Position of vector of CM ] 
dt? 1 
> > 
d?r peal d? Thali d'm 
a M| sap ed 
> > 
> | > — om ncmo 
n = mn tmn) ra DEI eer ee O (13.5) 
M m +m 


Discussion of the result : (i) The equation (13.5) defines to position of the gare of mass of the 


> 
system comprising two particle of masses m; and m, with position vectors rj and pi So Newton’s 


second law of motion is applicable to the system- 
Gii) The equation (13.3) discribes the motion of the total mass of the system under the effect of externals 


force. 
Phy. (D—18 
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Gii) Newton's third law of motion enables us to get ride of the internal forces between the particles 


themselves. 

(iv) The.motion of a system can be studied either by applying Newton's second law of motion to the 
individual particles of the system along with the third law ( for internal forces) or by studying the motion 
of the total mass located at the centre of mass of the system under the effect of external forces only. 

(v) The centre of mass of a system of two particles always lies between the two particles and on the 


line joining them. i 
(vi) If the masses are equal i.e. m =m. So, ety +7) 
13.2.2. Centre of mass-Generalisation to n-particles 


n T > > 
m, with position vectors r> rp + 


Consider a system of n-particles of masses mj, M2, m3 -« 


3 >. d Me Sd T 
nit Ty with respect to the origin of the co-ordination system. Then the position Vector r ofthe 
centre of mass of the system of n - particles is given by 
> > > — 
(m, +m, +m emu) r =m rm ry eot Mn Tn 
E E > 
Fd Lal Bi ieri m, 
My + mo see + Mp, 


13.5 (a) 


Thus the position vector p of the centre of mass of a system of n particles is the weighted average 
of all the position vectors of all the particles of the system, the contribution of each particle being 


proportional to its mass. 
The motion of the centre of mass is governed by the equation 


> > 23 > 

Ma =F +R toee +F, 

=> 23 

Ma= F Mj "mere nigh 8 sed to wea» hy soto gles (13.6) 


X 
: >. : 
Where M = Yi is the total mass of the system, a is the acceleration of the centre of mass and 


i=l 
Tus isthe vector such of all the external forces acting on the system. The equation (13.6) states that 
the centre of mass of a system of particles moves as if all the mass of the system were concentrated 
at the centre of mass and all the external forces were applied at that point. 

The internal forces between the particles cancel out in pairs by virtue of Newton's third law. So, if we 
are not concerned with the internal forces, internal structures and internal motion of the system, we can 
analysis the motion of the system by applying Newton's Second law of motion to the centre of mass of 
the system where whole mass is concentrated. : 


13.3. Momentum conservation and centre of mass motion : 


We consider a system of n particles of masses nj, 72, ms . m, , moving with respective linear 
velocities Vj, Vz» Va «V4. We also assume that total external force F (tot) acts on the system. The 
particles also exert internal forces on each other. However, the internal forces acting on the particles of 


the system just cancel out. So from equation (13.6) 
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3 > 

Ma =0 7° a=0 

d(2 

—| Vem |=0 

(Non) 

- 

Nou CONSEN dino om om ocu e e cp (een ay (13.7) 


Vj, is the velocity of the centre of mass of the system, Thus in the absence of any external force the 
velocity of the centre of mass remains constant, 


Again from equation (13.6) in the case of isolated system, F (tot) = 0 


> > > 
FOREReeeee Fa = 
EI > E 
m, a, +My ay + m +m, a, = 
d > > > 
or, pilus r AE +My v, |=0 
> > > ka , 
Where vy, Vg jm v, are the velocities of the particles of the system. 
— E > 
Thus m Vy +My Vg F oeenn +m, V, = constant 
a > > = > 
+, Total linear momentum P =P, + Py sees +P,= constant... .. sen (13.8) 


Now, differentiating 13.5 (a) with respect to time, 


itp uu ist ar, 
w wa eect tei 
E > 3 T 
ear (mni me ton ms) Vows epe term us acte cto (13.9) 
TOME LI. man 25:45 atur dienten crece (13.10) 


The equation (13.9) states that the total linear momentum of a system of particle is equal to the 
product of total mass of the system and the velocity of the centre of mass. Also the equation 13.8 describes 
the law of conservation of linear momentum for a system of n particles. It states that if no external force 
acts on the system, the total linear momentum of the system remains constant. 


13.4. Examples of the motion of centre of mass : 


(i) Let a shell or a special type of fire cracker is projected from earth 
and explodes in flight. Here earth's gravity is the external force and the M 
system is the shell. Its projectary is shown in figure 13.3. 

Before explosion, the shell moves along a parabolic path AP and at P 
it explodes into several fragments. The fragments fly off in all directions. yo 
Now, what path will the centre of mass of the system follow ? Here the 
force of explosion is the internal force which can change the momenta i Path of 
of individual fragments but can not change the total momentum of the d 
system. Only external force can change the total momentum. So, the à 
centre of mass of the system will continue moving in the parabolic 
trajectory APC which is the path that the unexploded shell would have 
followed. But the fragments will follow different parabolic paths. Fig. 133 


Parabolas 
SN of fragments 


A 


OA Xo C 


716 A TEXT BOOK OF PHYSICS 


(ii) Now, we consider the motion of the centre of mass of the earth-moon system. The moon revolves 
Celebris]. * round the earth on a circular orbit and the earth-moon system 
* ^ Moe;  EQe$ round the sun in eliptical orbit [ Fig 13.4]. In fact, the earth 
LS and the moon move in circular orbits about their centre of mass, 
US while the centre of mass of the earth-moon system moves in an 
LEN elliptical orbit round the sun. z 

Here it may be noted that for earth-moon system, the forces 
of attraction due to the sun are the external forces, while the 
forces of attraction between the earth and the moon are internal 
forces. The earth-moon system moves along elliptical orbit around 

the sun due to the torque produced by external forces. 


Gii) Lastly we consider the spontaneous decay of radioactive nucleus. When a radioactive nucleus 
initially at rest, decays into two fragments, these fragments fly apart obeying the laws of conservation of 
linear momentum and energy. But the centre of mass of two fragments remains at rest. 


13.5 Centre of mass of a rigid body : 
A body is said to the rigid if it does not undergo any change in shape by the action of a force i.e., the 

relative positions of the constituent particles do not change 

under the influence of the force. The body is not deformed 

by the applied force. c 
The centre of mass of a rigid body having a regular 

geometric shape can be easily determined from the condition 

of symmetry. In the table below the positions of the centre of 

mass for bodies of different geometrical shapes are given. It 

may be noted that the centre of mass may not always be inside 


the body. For example in the case of a ring, hollow tube and 


Fig. 13-4 


hollow sphere the centre of mass lies in the hollow portion of Fig. 13:5 
the body. 
The fig 13.5 shows the position of the centre of mass of some regular bodies. 
Shape of a body Position of centre of mass 
|. Uniform rod Middle point of a rod 
2. Circular disc Centre of the disc 
3. Circular ring 4 Centre of the ring 
4. Sphere Centre 
5. "Cylinder Middle point of the axis. 
6. Triangular plane lamina Point of intersection of the medians of the triangle 


13.6. Relation between linear motion of a particle of a rigid body and its rotation : 


The point P of the rigid body G is rotating about a fixed axis [ Fig. 13.6] . 
As the body rotates, this point moves in a circle. The radius ‘r’ of the circle is 
the perpendicular distance of the particle from the axis of rotation. As the body 
rotates by angle 6, the radius vector also rotates by the same angle. The linear 
distance moved by particle is s — r9 along the circle. 

So, the linear speed along the tangent is 


p 18 voy ig sies e imus nail lle ange atte (13.11) 
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The acceleration along the tangent or the tangential acceleration is 
= ha — q0 (13.12) 


Now, for different particles of the rigid body, the radius r of their circles of rotation has different 
values, but @ and œ are same for all the particles. Hence the linear speed and tangential accelerations 
are different for different particles. 


Example 13.1. A bucket is lowered into a well by a string passing over a fixed pulley of radius 5 
cm and the rope does not slip on the pulley. Find the angular velocity and angular acceleration of 
the pulley at an instant when the bucket is going down at a speed of 10 cm s~ and has an accleration 
of 4.0 ms? 

Solution : Since the rope does not slip on the pulley, the speed of the bucket is equal to the linear 
speed of the rim of the pulley. 

10 
The angular velocity of the pulley is then © = = ES 2 rad /s 


and the angular acceleration of the pulley is & =< su 


13.7. Torque and angular acceleration : 


We know that when a force is applied to a moving body, an acceleration is generated. So also when a 
torque is applied to a rotating body an angular acceleration is produced. It is obvious that larger the 
torque, greater will be the angular acceleration. 

Let a rigid body is capable rotating about a fixed axis as shown in fig 
13.7 When a torque is applied, it rotates with an increasing angular velocity. 

: MIA als do 
Let at any instant angular velocity is ® and angular acceleration is Ca 
The angular acceleration of all the particles is same, but their linear 
accelerations are different because the value of linear acceleration depends 
on the distance from the axis. 


Let mj , n» , M3 +--+ be the masses of the particles constituting the 
body and their distances form the axis of rotation are 7] ,72 reven ur 
It F, be the force acting on m, then 
dy 4 > 
F =m ae [ v, = linear velocity of m; ] 
=m, (ne) =m M = mr, 


*. The moment of the force about the axis of rotation, t, = Fj} = mnta 


Similarly, the moment of the force acting on the particle of mass m, is t5 = F5r5 = mrn a 
In the same way we can calculate the moment of the force acting on all other particles. Hence the total 


torque on the body is. t7; +72 +- EA ga 


- (mn? $ m E ITTIA myra”) a 


2 
=a Y m = To its 4. em E mie (13.13) 
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n 
Here I= SY mr is an important property of the rotating body which depends on the mass of the 


i=l 
particles and their distribution with respect to the axis of rotation. It is called the rotational inertia or 


moment of inertia of the body. 


e Moment of Inertia : For rotational motion we have t= 2122 and for linear motion 


dy : : : s 
F=ma mes. We know that mass is the measure of inertia for translational motion. The equivalent 
quantity I is the measure of inertia for rotational motion and is called moment of inertia. If we put 
a then t=I. Hence moment of inertia of rotating body is defined as follows : 
Moment of inertia of a body about an axis of rotation is numerically equal is the torque required to 
produce in it a unit acceleration. 
n 
Mathematically, [ = Yin. So its value depends on the distribution of mass about the axis of rotation. 
i=l 
In the language of calculus [= fram RAE onde rot TRE ee ( 13.14) 


Where dm is a small mass at a distance r from the axis. Formulae to calculate moment of inertia of 
regular bodies are given in the table below : 


Body Axis of rotation Moment of Inertia 

1. Uniform bar Through the centre L s M (? T y 

(mass M, length / and to its length 12 

breadth b) 
2. Thin Circular ring of Through the centre L Mr? 

Mass M and radius r to its plane. 
3. Disc of Mass M and Do $ 5 Mr? 

radius r 2 2 
4. Cylindrical rod of mass Through the centre and 1 M 5 Z| 

M, length / and radius r to its length 2 4 
5. Solid sphere of Mass M Through the centre A Mr? 

and radius r f 5 
6. Spherical shell Through the centre 2 Mr? 

3 


The following points be noted in connection with the moment of inertia : 


(i) The moment inertia of the body depends on its mass. 

(ii) Two bodies having same mass may have different moment of inertia, Because the moment of 
inertia not only depends on mass but also on the distribution of mass of the body. 

(iii) A given body in general, has different moment of inertia about different axis of rotation. 

Unit of moment of inertia on SI system : Kg. m? and dimension [ ML? ] A 

@ Radius of gyration : The expression for the moment of inertia can be written as 


{= Yin? = (Yn) K? 
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When K is known as radius of gyration. The radius of gyration for a rotating body about a given axis 
is that radial distance from the axis. the square of which on being multiplied by the total mass of the body 
gives the moment of inertia of the body about that axis. i 


Example : Moment of inertia of a solid cylinder about the of its diameter is I= im? = LC ) 


KL) 2 REST 
Using this relation we can calculate radius of gyration of different rigid bodies. 


Ex.13.2: A torque of 7:5 N-m is applied to a circular disc of mass 6 kg and diameter 50 cm. It 
can rotate about an axis passing through the centre and perpendicular to its plane. Calculate angular 
acceleration of the disc. 


Solution : The required reaction : t — Io 


227.5 Nm ; 1-2Mr =1x6x0:25=0:75 Kg. m? 


1 secation, Eme. = 10nd eee? 
angu ar acceleration, I 0-75 rai sec 


Ex. 13.3. A flywheel of moment of inertia 0-3 kg m? is rotating at the rate of 200 rpm. What 
torque is needed to stop in 10 sec ? 
9-0  2rm(n-n) 


Solution : Angular retardation, = j ; 


zo as fyno] 


_ 2n x 200 
~ 60x10 
*. Required torque x-1a.20.3x2.093 - 0-63 N- m? 


— 2.093 rad / s? 


13.8. Angu'ar momentum : 


Definition : The turning movement of a particle about the axis of rotation is called the angular 
momentum of the particle and is measured by the produced of the linear momentum and the 
perpendicular distance of the line of action from the axis of rotation. 


So the angular momentum, L = linear momentum x perpendicular distance from the axis of rotation. 
Its SI, unit is kg m? s'! and dimensional formula is [ M. L?T-!] Lt NM 
Let a particle of mass m is moving along a curve and its linear P2mVY 


momentum P = nN when it is at Q, its position vector is E so, the 
angular momentum of the particle is L= mV rsin@=r Psin 

Where 9 is the angle between r and P. 

PAUCI P (12.15) 


Now, consider the fig 13.9(i) when the motion of the particle is in EAT 
the plane XY and its angular momentum is along Z- axis and the direction * sing ^ 


is denoted by (7) symbol. : Fig. 138 
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Special cases : in fig 13.9 (ii) the particle is moving along a circle of radius r and its linear momentum 
P=mvV, 
So, the moment of momentum or angular momentum is 


E: L=rP=rmvV 1 
P ~ L=mro [WhenV ro, = angular velocity] 
L = Iœ [I= moment of inertia | 
= Case of rigid body : In the same way we can calculate 
the angular momentum of a rigid body which consists of n 
particles. Let m4, m5, ... .- m, be the masses and r}, >, 
fij asa bnt ox r, be the distance of n particle from the axis of 
EIU » rotation. Then the angular momenta of the particles are L, 
Ig. e ^ 
E = mr, Ly =m, r70, ae a aaa te E L,=m, 1,20. 


So, the total angular momentum of the rotating rigid body is 


= mro? +m O 4 emo 
x n 
- » mr; |0 = 10 l= Y mir 
i=l i=l 
Y HU A E EEE ATEI I E crine m E R ( 13.16) 


Lis the moment of inertia of the body. Comparing L = Ic with the well known result of linear momentum 
P = mV for translatory motion, we find that I is equivalent to m. 

Now if œ= 1 then I=L 

So, the moment of inertia of a rigid body about at axis is numerically equal to the angular 
momentum of the rigid body when rotating with unit angular velocity about that axis. 

Example 13.4. A sphere of mass 20 kg and diameter 0:25 m is revolving about one diameter at 
the rate of 1500 rpm. Calculate (i) Moment of inertia and (ii) Angular momentum. 


2 
Solution : (i) Moment cent I= 5 Mr? M=20 kg 
2 0-25 
1=2x20x(2) 20:125 kg-m? rot n 


(ii) Angular momentum, L = Io = 2 ml 


M 1500. n. .. 1500 
L=2 x-0 x0-125 [n= 60 rps] 


= 19625 kg m? / s 


13.9. Relation between torque and angular momentum : 

In the case of linear motion, rate of change of linear momentum is the force acting on the body. The 
quantity analogous to force is the torque for rotational motion. So, we can say, torque is the rate of 
change of angular momentum. 

Torque, z= Change of angular momentum 
z time 


ALIE do yes : 
t= prea (I@) = Er -. ™=Ia= moment of inertia x angular acceleration. 
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j Jung t0 uy 
Proof . From Newton’s second law of motion F =m a 


EN 
aod Vs cds 
Pemda dan) [ 7 m= constant ] 


>. 9 ; 3 > 
When p is the linear momentum of the particle. Taking vector product of y with both sides of 


= 
equation (i) x x F = 7 x dP. 


dt 
2 > P > 2.23 
or, 4 pee Ea [eter xE poer TA A TOER (ii) 
dt 
‘ > 3 2 
Again, angular momentum |, = r x P 
at > > Shuker ty p 
aL d rx P TET X Pr anis 
t dt dt t 
> 2 > r4 > 2 > r4 
2X xPa7xÉÉ-m VxN pee 
dt dt 
e. — 
zr xit dc queo (ii) 
T E 
Here from (ii) and (iii), eL A tero ems AMD IAM, TR (13.17) 
t A 
So, torque is rate of change of angular momentum. 
ES 
The equation of linear motion that corresponds to equation (13.17) is aR T. 


dt 
So equation (13.17) is the rotational analogue to Newton's Second law of linear motion. Evidently, 
this equation is the rotational analogue of Newton's second law of linear motion. 


e Physical meaning of angular momentum : The angular momentum D 2d P 


+ L= rPSing-P(rsin 8) ~. angular momentum, L = linear momentum x moment arm. 

So, angular momentum is moment of linear momentum. The physical meaning of angular momentum 
is that itis a measure of turning motion of an object. 

13.10 : Law of conservation of Angular momentum : 

This law states that if no external torque acts on a system, the total angular momentum of the system 
remains conserved. This law of conservation of angular momentum in rotational motion is as important as 
the law of conservation of linear momentum in translational motion. 

Deduction : We know that the external torque acting on a system about an axis is equal to the time 
rate of change of angular momentum of the system about the same axis. 


dL dL 
Som If no external torque acts t=0, So, 577 0 


^ L= Constant or, lo = Constant. 
It is the mathematical form of the law of conservation of angular momentum. 
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* Application of the law of conservation of angular momentum : 

This conservation law has many applications in our practical life. A few examples are given below. 

(i) A diver jumping from the spring board sometimes exhibits sommersaults in air before touching 
the water surface. ^ 

As the diver jumps from the board, he keeps his legs and arms outstretched. After leaving the spring 
board, he curls his body by rolling the arms and the legs inwards. Due to this, his moment of inertia 
decreases and he begins to spin in mid air with larger angular speed. As he is about to touch the water 
surface he stretches out his limbs. This increases the moment of inertia again and the diver enters water at 
a gentle speed. 

(ii) A person is fasting on a turn table holding a pair of heavy dumb bells, one in the each hand with 
his arms outstretched [ Fig 13.10]. The table is rotating with a certain 
angular frequency. The person suddenly draws the weights towards his 
chest. The speed of rotation is forced to increase considerably. 

(iii) Dancers on skates can spin faster by folding their arms. 


(iv) The angular velocity of a planet revolving in an elliptical orbit 
around the sun increases, when it comes nearer the sun and vice versa. 
When the planet moving along an elliptical orbit is near the sun, its moment 
of inertia about the axis through the sun decreases and so its angular speed 
increases. On the other hand, when it is far away from the sun, the moment 
of inertia about the same axis increases and so its angular speed decreases. 


Fig. 13-10 


1 
Examples 13.5 : What would be the duration of the day, if the earth suddenly shrinks to 64 of 
its initial volume, mass remaining constant ? 


Solution : According to the principle of conservation of linear momentum 1,@, =1,0, 


2 mr? p 22-2 2n 

z Mn "m = Mr? "M 

"n ai 

Sr bonn ke RR RES E AE (i) 

T i5 

4.93 4 nm n 
Now, 7%" -64x-mr. —-4 

3rd 3 2 n 


dos t szax(L ash 
rar n e AJ ee is 
The duration of the day will be 1-5 hrs. 


Ex. 13.6: The angular momentum of rotation of a body is 75:36 J.s. and its rate of rotation is 24 
rev. per sec. Calculate its moment of inertia. 


Solution: L-Io L2 75.36 J.s. @ = 2nn = 2n x 24 = 48m rad/s 
5 LBS SGUR UA E 
CE I723x3.14 9 5kg-m 


13.11. Power produced by a torque and work done : 


Let a rigid body is rotating about an axis. Due to a torque acting on it an angular acceleration is 
produced in the body and its kinetic energy gradually increases. Power produced by the torque is equal to 
the rate of doing work or equal to the rate of increase of kinetic energy. 
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dW _ dE 
P pl —— 
ower P TET 


Here W = work done and E = increase of kinetic energy. 


Power = torque x angular velocity. 
Now, the work done for small angular displacement dW = t d 


[] 
Total work done, W= Juco 
0 


13.12. Kinetic energy of rotation of a rigid body : 
Let the rigid body consists of n number of particles . It is rotating about the axis PQ as in Fig. 13.11 


with angular velocity œ. Let the masses of the particles be my, My oes sss m, and are situated at 
distances rj, 75, «« r,. Now the angular velocity of each particle is œ. The respective linear velocity 
of the particles is v, — rj v= rj and . .. ... v, = r,G. Hence the Kinetic energy of the particles are, 


1 1 
E, 2m =z o, E, simyo? and so on. 
So, the total kinetic energy of the rotating body is 


E, 21a? +4 mno + m timm o 


2 2 nn 
a ipa cad 2 eee TY 
5:19. (mmn tmy tene tg. )=z0 Ymir 
i=l 
it 
=f10? when Iz $ mri P 
i=l Fig. 13-11 
E, =110? 18 
peylet.. lll ee deber (13.18) 


Example 13.7: A solid cylinder of mass 20 kg rotates about its axis with an angular speed: 100 
rad /sec. The radius of the cylinder is 0.25 m. What is the rotational kinetic energy of the cylinder ? 
What is the magnitude of angular momentum of the cylinder ? 


: - 1 
Solution : (i) Kinetic energy of the rotating cylinder 73 1o? 


1.5 2 z dia ri? sol 252 => kg m? 
E, «3 3 x (100) I2 3 M? 2 3x20x (0.29? «kg m 


=3125J @=100 rad/s 


5 2: 
(ii) Angular momemtum of the cylinder is L=lo= 3% 100 = 62:5 kg m?s ! 

Ex. 13.8 : Four small bodies P, Q, R and S which can be considered 
as particles are' connected by rods of negligible masses as shown in 
fig13.12. Find the moment of inertia of the system (i) about an axis 
coinciding with rod QR and (ii) about an axis passing through P and 
perpendicular to the plane of the diagram. 

Solution : Mass of each the small bodies placed at each corner is 30 gm. 
S 5 cm R (i) M. I. about the axis coinciding with QR 

Fig. 13:12 1 = 30 x (PQ)? + 30 x (RS)? = 30 x 25 + 30 x 25 = 1500 g-cm? 


Pe acm Q 
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(ii) M. I. about the axis passing through P and perpendicular to the plane of the diagram is 
1-30 (PQ)? + 30 (PR)? + 30 x (PS)? = 30 x 25 + 30x (s42)* 430 x (25) 


= 750 + 1500 + 750 = 3000 g-cm?. 


13.13. Two important theorems on moment of Inertia. 

In case of rigid bodies having regular shapes, it is always convenient to find moment of inertia of a 
body about the axis through the centre of mass. Sometimes we require moment of inertia about some 
other axis. Now, to find the moment of inertia about some other axis it is not necessary to work out the 
problem from the basic principles because the Same could be determined easily with the help of the 
theorems of parallel and perpendicular axis. ; 

(a) Theorem of parallel axis : It states that the moment of inertia of a rigid body about any axis 
is equal to the moment of inertia about a parallel axis through its centre of mass plus the product of 


the mass of the body and the square of the perpendicular distance between the axes. 
Let I be the moment of inertia of a body of mass M about any axis AB. Also Ic 


A P 
be the moment of inertia of the body about a parallel axis PQ which passes through 


i the centre of mass (CM) of the body. If h be the distance between the two axes [Fig 
13.13]. Then, according to the theorem of parallel axes, 
EM M II ME SE (13.19) 

This relation shows that the moment of inertia about any parallel axis is always 
greater than the moment of inertia about a parallel axis passing through the centre of 
] mass. 

B 'Q (b) Theorem of perpendicular axis : It states that the moment of inertia of 
Fig. 13-13 a laminar body about an axis perpendicular to its plane is equal to the sum of 
the moments of inertia of the lamina about any two mutually 
perpendicular axes in its plane and intersecting each other at the point 
where the perpendicular axis passes through it. 
Let the axis OZ is perpendicular to the plane lamina and passes through 
O [Fig 13.14]. OX and OY are two mutually perpendicular axis in the 
plane of the lamina and intersecting at O. If I, , I, and I, be the moments Y 
of inertia of the plane lamina about the axes OX, dy and OZ respectively, 
then according to the theorem of perpendicular axis 


Z 


L-L- I, Ast) A Whe Meriter, oa GOP dU x2 (13.20) X 
Fig. 13-14 


€ Moments of Inertia of a few rigid bodies. 
The following table gives moment of inertia of some rigid bodies of regular steps about a particular 


axis. 


Moment of 
Inertia 


esi 


M----L|-—--*4 


Thin rod of length L Passing through centre and 


perpendicular to the rod. 


Circular ring of radius R | Diameter 
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Inertia 


Circular ring of radius R | Passing through its centre and 


perpendicular to its plane 


Circular disc of radius R | Diameter 


Circular dísc of radius R | Passing through its centre and 


perpendicular to its plane. 


þe- R- 
Right circular solid Symmetry axis Jae : I = LMR? 
cylinder of radius R and t GAME 


length L 


Solid sphere of radius R Diameter 


Example 13.9 : The moment of inertia of a solid sphere of mass M and radius R about an axis 


2 
through its centre is ;MR. . What is the moment of inertia about an axis tangential to the surface 
of the sphere ? 


Solution : Here lc =2 MR2, By the theorem of parallel axis the moment of inertia about an axis 
tangential to the sphere is. 1=I¢ + MR? = i MR? + MR? = T MR? 


Ex. 13.10 : A disc of mass 2 kg has radius of 0-5 m. What is the moment of inertia (i) about an 
axis passing through the cehtre of mass and perpendicular to its plane, (ii) about an axis passing 
through its edge and perpendicular to its plane. 


Solution: () Te = SMR? =4% 2x (0-5)? = 0:25 kg-m? 
(i) 121g + MR? =0-25+2 x (0-5)? -0.75kg-m? 

Ex. 13.11: The moment of inertia of a uniform circular disc of mass M and radius R about any 
of its diameter is 1 MR? What is the moment of inertia of the disc about an axis passing through 
its centre and normal to the disc 5 

Solution : The moment of inertia of the disc about any diameter is <M? . We consider two 


perpendicular diameters, one along the X-axis and the other along the Y-axis. 


1--T MR 


Wu 


ale 
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Then the moment of inertia about the axes passing through the centre and normal to its plane is given 
by I c Es y [ by perpendicular axis theorem ] 
-lwg?.lyug22.lyg? 
4 4 2 


13.14. Examples of two dimensional rigid body motion : 


We shall consider two examples of two dimensional motion of a rigid body. 
Y. Motion of a point mass tied to a string wound on a cylinder. 


It is an example of the rigid body motion where the centre of mass of the body remains at rest. We 
take a cylinder of mass M and radius R which can rotate freely about its axis. A very light string is wound 
on the cylinder and a small mass m is suspended at 

T the lower end of the string [ Fig 13.15] As the small 
mass begins to fall the cylinder will start unwinding. 

| As the mass m falls, the cylinder rotates with a certain 
angular acceleration œ and the mass falls with a linear 


a acceleration ‘a’. 
ia The free body diagrams of the cylinder and the 
mass m are shown in fig (ii) and (iii). According to 
(i) (ii) (iii) Newton’s second law of motion, the equation of 
Fig. 13-15 motion of the mass is 
ma = mg — T [ T = tension of the string ]..... () 


Now, the tension of the string exerts a tangential force on the cylinder and makes it to rotate. 
The torque on the cylinder due to the tension of the string is 


lo Tas Ia 
Io — TR or, “RR? ^ ma=m ee [œ = angular acceleration ] 
2 
ene |= me or, a3 —8_ = E 
UE mR* +1 
R2 


So, the acceleration of the point mass is less than the acceleration due to gravity. The tension T on the 
string is 
I 2 
Teen x a. NE Tees l=; mr? 
R R mR^ +I mR 14 2m 2 
14 —— 
I M 

It shows that tension in the string is less than mg. 


Lastly the angular acceleration of the cylinder is 


TS mg Rc mg 
RoTa ein dowsonn 1 
+M 7 MR mR +>MR 


It is to be noted that this analysis is also applicable to a mass tied to a string wound on a wheel or 
heavy pulley. 
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IJ. Cylinder rolling on an inclined plane without slipping. 


It is an example where a rigid body is in motion and the centre of mass also moves with an acceleration. 


Here a cylinder of mass M and radius R is rolling down an inclined Q 
plane of inclination 6 [fig 13.16]. The different forces acting on the cylinder 
is shown in the fig. Mg is the weight, F is the frictional force and R is the 
normal reaction. If ‘a’ be the linear acceleration of the cylinder then, by 
Newton's second law of motion, 


MasMgsin&-F......enn n Án (i) wht 
Also the cylinder rolling down the plane rotates about its axis of 
symmetry. The torque on the cylinder, T=I0 .....-- (ii) Fig. 13:16 
When I is the moment of inertia and o is the angular acceleration about the axis of rotation. 
Also. SER... ee tenter a e Eae (iii) 
FR=Ia or, pea SEE 4 (iv) 
R R 


i si 
+. From (i), Ma = Mg sin0 — as a s Meena. se But l7— MR? 
R M+—> 2 
R 


LO 
A a=38gsin0 


«From (iv), rM? 1x3 g sind = 3 Mesin® 


e MISCELLANEOUS EXAMPLES e 


Example 13. 12 : A solid cylinder of mass 2 kg and radius 0.1 m rolls down an inclined plane of 
height 3 m. Calculate its rotational kinetic energy when it reaches the foot of the plane. 

Solution : The situation is shown in fig 13.17. From the top of the inclined plane A, when the 
cylinder reaches the foot of the plane, it has both rotational and translational motion. At the position B it 
angular velocity is. @ and linear speed is v. 

Hence from the conservation of energy, 


D ee 250 Ee) 
1 Mgh = 2 Io^-4 2 Mv 
-1x Lugo? 4 1 MR20? - 3 MR?0? 
204. 2 4 
7 2_ Agh 
3m 3R? 
Mr mie The rotational kinetic energy at the bottom is 
W 
; E, -119! -j 1 yp? x tEh =} Mg 
Fig. 13:17 3R 
1 


3X4 x9-8X3219.6J 


Ex. 13.13 : A cylinder of mass 10 kg is rolling perfectly on inclined plane of inclination 30°. Find 


the force of friction between the cylinder and the inclined plane. 
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1 É 
Solution : The required relation, F FRE sin 


F=X10%9-8xsin30" = 163N 


Ex. 13.14 : A string is wound on a wheel of diameter 0-3 m. The axis of the wheel is horizontal, 
A block of mass 0:5 kg is attached at the lower end of the string and is allowed to fall from rest, If 


the block falls 1-5 m in 4 sec. What is the angular acceleration of the wheel ? Also calculate moment 
of inertia of the wheel. 


Solution ; We first calculate the linear acceleration of the falling mass. Its initial velocity u = 0 and it 
has fallen 1-5 m in 4 sec. 


Now, Sattar? x a= = 2415 9.1975 m/s? 
a Po (4) 
So, the angular acceleration of the wheel, a = Ra 
a= 5.2 9:1875 [a- 2-015] 
R 0:15 2 
=1-25 rad s? 


The required angular acceleration of the wheel a = 1-25 rad s? 
2nd part : Now torque on the wheel, t - MgR 
also t=lœ .. Ia=MgR 
MR 0:5x9-8x0-15 
a 1-25 
Ex, 13.15 : Show that a cylinder will slip on an inclined plane of inclination 0 if the coefficient of 


1 
static friction between the plane and the cylinder is less than 3 tan6, 


= 0-588 kg -m? 


Solution : We know that the value of the frictional force needed for rolling without slipping is 
E "is Mgsin, Now, Maximum frictional forcee Fmax = HN = p Mg cos 8 


So rolling will take place when F < Ex 


3 Mg sind < i Mg cos® m 5 tan <i or, 2 june 


: s m. 2 1 

So, the cylinder will slip on the inclined plane if 1 « 3 tan 0 

Ex. 13.16 : You are given two cylinders of the same Size, mass and appearance. One of the 
cylinders is hollow and the other is solid. How will you distinguish between the two ? 


Solution : Linear acceleration of a cylinder rolling down an inclined plane is given by 
€: where the terms have usual meaning. 


NI" 
Let for the solid cylinder a, is the linear acceleration down tlie place then 
NEL A uer @ 
oie MRS anndid Dos 
1+= 
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Now. for the hollow cylinder aj, is the linear acceleration and | = MR? 


Evidently, a, >4,. So the solid cylinder will reach the bottom first. 


A. Short answer type questions : 


1. What is the rotational analogue of mass in the case of linear motion ? 
- The translational motion is along a fixed direction. What remains constant in rotational motion ? 
[ J. E. E. 1991] 


= 


3. Define centre of mass. Is it a fixed point ? 

4. Is centrg of mass a reality ? 

5. Does the centre of mass of a body always lie inside the body ? 

6. What is the centre of mass of a triangular lamina ? : 

7. Give the location of the centre of mass of a sphere, cylinder, ring and cube each of uniform mass density. 

8. Write down the expression for the position vector of the centre of mass of a system consisting of two 
particles in terms of their masses and position vectors. 

9. Torque and work are both defined as force times distance. Explain how do they differs. 

10. There is a stick half wood and half steel. It is pivoted at the wooden end and a force is applied at right angles 
to its length at the steel end. Next, it is pivoted at the steel end and the same force is applied at the wooden end. Will 
the angular acceleration be same at the two cases ? 

: [ Hint: t-Ia;s0 a-l. Here t is same for both cases, but 1j » 15, hence 0 < &z ] 

11. A solid and a hollow sphere have the same radius and identical mass. Which has larger moment of inertia ? 

[ Ans. Hollow sphere ] 

12. You are given a sphere and an inclined plane. Explain how you can determine whether or not the sphere is 
hollow ? 

13. Explain why the moment of inertia is different for different axis ? 

14. If the ice at the poles of the earth were to melt, how would this affect the length of the day ? 

[ Hints : As the ice melts, water shifts from poles to equator and the moment of inertia decreases. But angular 
momentum remain constant. So time of rotation increases. ] 

15. For a description of translational motion, all the mass of the body may be assumed to be concentrated at the 
centre of mass. Give a reason why the same statement cannot hold with regard to rotational motion. 


B.. Essay type questions : 
1. (a) Define moment of inertia and explain in its physical significance. 
(b) Obtain relation between torque applied to a rigid body and angular acceleration produced . 
2. Show that the work done by a torque in rotating a body through an angle @ is given by 10. 
3. Define angular momentum. Show that the torque applied equals to the rate of change of angular momentum. 


4, Prove that the Kinetic energy of a body rotating about an axis is iugo where the symbols have usual 
meaning. 
5. Define centre of mass. Show that the total linear momentum of a system of n particles is equal to product of 
total mass of the system and the velocity of centre of mass. 
6. (a) What is the relation between linear momentum and angular momentum ? 
(b) Give the physical meaning of angular momentum. 
(c) State and explain the principal of conservation of linear momentum. 


Phy (D—19 
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C. Simple numerical problems : 


1. A body of mass 50 kg is rotated along a circle of radius 100 cm. If its speed of rotation be 5 rpm, calculate 
its angular momentum. [ Ans. 26:17 kg m? / sec ] 
2. The length of a light horizontal rod is 100 cm. A vertical force of 3 kg-f is applied at a distance of 25 cm 
from its right end. Calculate the values of torque about each end of the rod. g = 9.8 ms ~! 
[ Ans. 7.35 N-m ( clockwise) and 286.66 N-m ( anticlockwise) ] 
3. The radius of a disc is 20 cm and its moment of inertia about the axis passing through its centre is 0.1 kg-m?. 
It is allowed to roll down the plane of inclination 30° from rest. What will be its angular velocity when it moves 
3 m down the plane? Mass of the disc is 5 kg. [ Ans. 22:13 rad /s ] 
4. The angular velocity of a fly wheel decreases from 600 rpm to 300 rpm in 5s. Calculate (i) angular acceleration, 
(ii) number of revolution completed in 5 sec, (iii) the time after which the wheel stops. 
If the moment of inertia of the wheel the 0-5 kg-m?, calculate torque acting on it. 
[ Ans. (i) - 6:28 rod / s? (ii) 37:5 rev, (iii). 10 sec; 3:14 N-m ] 
5. A disc of mass 5 kg has a radius of gyration of 20 cm. Find its kinetic energy of rotation when it is rotating 


at3rps. [Hints : E-IMk2o?] : [ Ans. 35:5 J ] 
6. A sphere of mass 25 kg and radius 0-2 m is rotating about an axis passing through its centre at a speed of 


2100 rpm. Calculate (i) moment of inertia, (ii). Angular momentum[ Ans : (i) I=ŻMR? =04kg. m? (ii) 88 kg 
m? / sec ] 
7. Initial angular velocity of a disc is 78 rpm. It is stopped in 3 sec. What is the angular acceleration of the disc 
and number of revolutions it will complete before it stops. [ Ans. — 0:27 rad / s ?; 19-5 rev. T 
8. What is the rotational kinetic energy of the earth ? Assume mass of the earth 6:0 x 1024 kg and its radius = 
6-4 x 10? km. Earth is a uniform sphere. a [ Ans, 2.6 x 1029 J J 
9. A sharpening wheel of stone starts revolving with an acceleration of 3.0 rad s2, Calculate angular displacement 
and angular speed of the stone after 2 sec. [ Ans. 6 rad ; 6:0 rad s7! ] 
10. The radius of wheel is 1.5 m. Its constant angular acceleration is 10.0 rad / s? and its initial angular velocity 


«96 
is —— rpm. Calculate angular velocity, angular displacement after 2 sec. What is the linear velocity and linear 


acceleration of a point at the rim of the wheel ? [ Ans. 22:2 rad / s, 24:4 rad; 33:3 ms~! and 15 ms? ] 
11. A force of 100 N is applied at the edge of a wheel of radius 0.5 m and moment of inertia 100 kg-m?. 
Calculate; (1) angular acceleration (ii) angular velocity after 5 sec (iii) Number of revolution after 5 sec. (iv) rotational 
Kinetic energy. [ Ans. (i) 0:5 rad / s? (ii) 2:5 rad / s (iii) 4 (iv) 3125J] 
12. When 100 J of work is done on a flywheel, its angular speed increases from 60 rpm to 180 rpm. Calculate its 
moment of inertia. [ Ans. 0-633 kg-m? ] 
13. The constant angular velocity of the motor of an engine is 200 rad / s. If a torque of 180 N-m is applied on 
the wheel, calculate power of the engine. [Ans. P=1w=36 x 10° watts ] 


14. A circular disc of mass m and radius r is set rolling on a table. If @ be the angular velocity, show that its total 


energy is given by ine. 


15. The position vectors of two particles of mass 100 g and 300g are Q1357 «10f) and (561 447 - 24) 3 


Calculate its centre of mass. [ Ans. m * z$ + ti ] 
16. 484 J of energy is spent to increase the speed of a fly wheel from 60 rpm to 360 rpm. Calculate the moment 

1 : 
of inertia of the wheel. — [ Hints : i I (^ = m’) =4821J] [ Ans. 0-7 kg-m? ] 


17. A circular ring of radius 20 cm and mass 1 kg is rotating about an axis passing through its centre and 
perpendicular to its plane at the rate of 10 rev per sec. Calculate angular momentum of the wheel. 

i [ Ans. L = 0'8 x kg m? s! ] 

18. Mass remaining constant if the volume of the earth decreases to gn of its initial volume. Calculate 

number of hours in a day. - [ Ans. 1-5 hr ] 
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19. The mass and radius of a cylinder are 3 kg and 40 cm respectively. It is pulled by a string wound over it by 
a force of 30N. What is the angular acceleration of the cylinder ? Also calculate linear acceleration of the string, 
[ Hints : torque, «- FR - 1o.] [ Ans. œ = 25 rad / $?; a= 10 ms! ] 
20. The mass of a flywheel of radius 0-2 m is 25 kg. Its speed of revolution is 240 rpm. How much torque is 
required to stop it is 20 sec ? If the torque is produced by a tangential force applied at the rim of the wheel, calculate 
the force that has to be applied. [ Ans, (i) t= 0-2" N-m Gi) 314.N] 
21. A circular ring and a circular disc has same mass and radius. They are rotated about an axis passing through 
its centre. Calculate the ratio of their radii of gyration. :. 
22. A solid sphere is moving over a horizontal surface with a speed of 20 ms-!. If the sphere is now allowed to 
move up an inclined plane of inclination 30°, to what maximum height the sphere will rise ? [ Ans, 28°6 m ] 
23. A flywheel of mass 500 kg and radius | m is rotating at the rate of 500 rpm. If the whole mass of the 
flywheel be at its centre, calculate (i) its angular velocity (ii) moment of inertia (iii) rotational kinetic energy 
Į Ans. (i) 52:36 rad/s, (ii) 500 kg-m? (iii) 68:54 x 10 ud 
24. A circular disc of moment of inertia is 10? kg-m? is rotating about an axis passing through its centre at the 
rate of 40 rev. per min. Now a piece of wax of mass 20 g is attached with the disc at a distance of 10 cm from its axis. 


What will be its new angular velocity ? [ Hints : lop 2 1o e mro ] [ Ans. 34 rev / min ] 
25. A sphere of mass 0:1 kg and radius 2:5 cm is rolling on a. plane surface, without sliding, with a linear speed 
of 10 ms'!. Find its (i) rotational energy, (ii) total energy. [Ans. (i) 2J (ii) 7J] 


26. A grind stone is in the form of a circular disc of diameter 0.4 m and mass 5 kg. If a constant torque + N-m 
is applied for 4 sec, what is the angular velocity of the grind stone if it started from rest ? At what rate is work done 


1 
by the torque at the end of 4sec ? [M.1= pi mR? ] [ Ans. 10 m- rad /’s; 2.5 T? watt ] 
27. A flywheel of moment of inertia 0:1 kg-m?, What constant torque is required to increase its speed from 3 rps 
to9 rpsit 18 revolutions ? [ Ans. 1:256 N-m] 


28. A cord is wound round the circumference of a wheel of diameter 0:3 m. The axis of the wheel is horizontal. 
A mass of 0:5 kg is attached at the end of the cord and it is allowed to fall from rest. If the weight falls 1:5 m in 4 


sec, what is the angular acceleration of the wheel ? Also find the moment of inertia of the wheel. 
[ Ans. 1:25 rad / s); 1 = 0:588 kg-m?] 


D. Harder numerical problems : 

1. A rope is wound on a circular disc of moment of inertia 01 kg-m?. The axis of the wheel is horizontal. A 
tangential force of 20 N on the rope rotates the wheel about its axis. If the radius of the wheel be 0-1 m, calculate its 
acceleration. Now a mass of 2 kg is suspénded at the lower end of the rope. What will be the angular acceleration ? 

[ Ans. 20 rad / $; 16.7 rad / $? ] 

2. The moment of inertia of a wheel of radius 0:2 m about an axis passing through its centre is 01 kg mê, it is 
now allowed to roll down an, inclined plane of inclination 30°. What will be its angular velocity after it moves down 
by 2 m along the plane ? Given mass of the disc = 5 kg. [ Ans. 18:07 rad / s ] 

3. The moment of inertia of a disc is 5 x 10 - 4 kg-m?. It is rotating about a vertical axis passing through its 
centre at a speed of 40 rev per min. A piece of wax of mass 20 gm is attached at a distance of 8 cm from its centre. 
Calculate its new speed. [ Ans. 32 rpm] 

4. The moment of inertia of a flywheel is 0:1 kg-m?. A cord is wound along the circ... .-rence and a mass of 2 


kg is attached at the lower end. If the radius of the wheel the 0.1 m, calculate the acceleration 
of the body. [ Ans, 1:67 m/s? ] 


5. A mass m is suspended from the lower end of the string wound over a horizontal 
cylinder of mass M and radius R. Initially the mass is at a height h from the ground and is 
allowed to fall. What will be the angular velocity of the cylinder when the mass m touches 


the ground ? E z («35 
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6. A light rod having a very sphere at its top is resting vertically on a horizontal floor [ Fig. 13.19 ] Now, the 
rod starts falling from rest. At what angle of inclination with the vertical, the rod loses 


5 a 2 o” 
contact with the floor ? [ Ans. 8 = cos E = 4810] 


7. A horizontal rod AB of length L = 20 cm is rotating about a vertical axis with 
a constant angular velocity. A string of length 20 cm is fixed at the end B of the rod 
and a mass m is attached at the free end of the string [ Fig 13.20 ]. If the strong 
makes an angle of 6 = 30° with the vertical. Calculate angular velocity of the rod. g 
Fig: 13:19 = 10 ms? [ Ans. w = 44 rad / sec ] 


[ 
1 
1 
i 
' 
[ 
1 
1 
1 
D 


8. A weightless string is wound on a-circular disc 


M of radius 10 cm and mass 0:5 kg [ Fig 13.21 ]. A 
body of mass 2 kg is attached at the lower end of 


the string. When the body starts falling what will 


T be its acceleration ? Also calculate tension in the 
string. 
m [ Hints : ma = mg — T and TR = Ia ] Fig. 13:20 


[Ansa = 8:7 m/s?; T=2:2N] 
9. Consider the fig. 13.22 ] when a cylinder of mass M 
is hanging horizontally by means of two cords. The cords 
are wound on the cylinder and the ends are fixed at the 
ceiling of a room. Calculate (i) downward acceleration of 
the cylinder and tension on the cords. 

[ Hints : Mg - 2T = ma; 2TR- Ia] 


2 1 
[Ans a=—g; T-—Mg] 
3 6 


10. A wheel of radius 6 cm is rotating about a horizontal axis passing through its on, 
centre, A string is wound over it and from its lower end a mass of 200 g is suspended and is allowed to fall. The mass 
descends | m after 5 sec. Calculate angular velocity and moment of inertia of the wheel. 


[ Ans. 1:33 rad / s? ; 8748 x 10 ^ gm cm ? ] 

11. A metre stick is hold vertically with one end on the floor and is then allowed to fall. Find the velocity of the 
other end, when it hits the floor, assuming that the end on the floor does not slip. [ Ans. 5-4 ms! ] 
12. A man stands at the centre of a rotating platform holding his arm extended horizontally with a weight in each 
hand, the platform is making one rev. per sec. The moment of inertia of the whole system is 6 kg-m?. When the man 
pulls his hands to his sides, the moment of inertia becomes one-third of its initial value. What is the new angular 
velocity of the platform ? Has the kinetic-energy is conserved ? If not, explain it. Assume that there is no friction in 


the platform, 4 [ Ans. 6 7 rad / s; K.E is increased by 237 J ] 

Loins! : 13. A thin uniform bar lies on a frictionless horizontal surface and free to move 

(Suc MIT in any way on the surface. Its mass is 0-16 kg and length is 43 m. Two particles, 
A each of mass 0-06 kg are moving on the same surface and towards the bar in a direction : 

perpendicular to the bar, one with a velocity of 10 ms"! and the other with 6 ms-! 

€ Ym [Fig13.23 ]. The first particle strikes the bar at point A and the other at point B. 

bms! Points A and B are at a distance of 0-5 m from the centre of the bar. The particles 

fanc strike the bar at the same instant of time and stick to the bar on collision. Calculate 


the loss of energy of the system in the above collision process. 
[ Ans. 2.72J] [LI.T. 1989] 
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TOPICS : Definition of work as a scalar product; work done by and against a force; 
positive and negative work, power; energy; kinetic energy and potential energy; conservation 
of energy. 


14.1. Work : 

The word ‘work’ is used in our everyday talk in connection with widely different activities. The 
meaning of work is quite different in the common language and in physics. For example, a watchman 
performing his duty at the gate of an office is said to be doing work in common language and he is paid 
forthe job performed. But in terms of physical meaning of the word ‘work’, the watchman has done no 
work, : 

In physics, work is said to be done, if a force acting on a body is able to move the body through 
some distance in the direction of the force. 

The watchman in the office gate is not doing any work because he is simply standing there i.e., both 
the force and displacement are zero. 

So, work is done only when the body has a displacement in the direction of the force. 


14.2. Work done by a constant force : 

The work done by a constant force acting on a body is measured by the product of the magnitude of 
the force and the displacement in the direction of the force. 

A force F acting on a body displaces it by s in the direction of the force [ Fig 14.1], then the work by 


the force is > 1 
OE TERMES cq e Pa pn ORT (14.1) F pugin 
: > zi 
Hence F and s with magnitudes of force vector F and K— 5 ——*I 


displacement n. in the direction of the force respectively. . 
als 
In some cases, force F acting on a body produces à 
> 
displacement s making an angle 6 with the direction of the force 
[ Fig 14.2 ]. So, now the work is. measured by the product of the 
magnitude of the displacement, $ and magnitude of the component 


of force ( F cos @ ) in the direction of the displacement. 
Hence work done now is W = Fs cos 0 


WANT sts ei eee Sia yu | ta Eee (14.2) 

> > 
Evidently, work is the scalar product of force vector F and displacement vector s. So work is a 
scalar quantity. 


€ Special Cases : 

(i) 0 = 0°, then work done is given by W = F s. Here the force and displacement are in the same 
direction. In this case, work is done by the force. Evidently it is the maximum work done by the force F 
on a body for a given displacement. 

Example : When a body falls freely, the force of gravity and displacement are in the same direction. 
So, the force of gravity is doing work on the body. 

(i) When 0 = 180°, the force and displacement are in opposite direction work done, 

W = Fs cos 180? = — Fs, Here the work is done against the force. 
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9 Example : When a body is projected vertically upwards work is done against gravity. 


(iii) When 6 = 90° i.e., when E and © are perpendicular to each other then, 
252 
W= F.: s = Fs cos 90°=0 
So, if a body moves in a direction perpendicular to the direction of the force acting on it then, the 
force does no work. This type of force is called a no-work force. * 
* Example : (1) When a body rotates along a circle, a force called centripetal force acts on the 
body. This force acts radically inwards . But at any instant the 
s R displacement of the body is tangential to the circular path. 
Evidently, the force (centripetal) acting on the rotating body is 
motion always perpendicular to the instantaneous direction of motion. 
So, in the case of circular motion, centripetal force is a no-work 
force [ Fig.14.3(i)] : 
" * :(2) When a body is dragged along a horizontal surface 
iS Fig; 143 (ii) [ Fig 14.3(ii) ] no work is done against the force of gravity. 
mue Here the displacement is in the horizontal direction, but the force 
of gravity is vertically downward. Here force and displacement are mutually perpendicular. 
It is to be noted that when a force performs work, it must be against some opposing force, e.g,— 
(i) When a body is projected upwards, work is done against the force of gravity. (ii) A body falling 
downwards due to gravity performs work against the inertia of the body. (iii) When a body is dragged 
along a horizontal surface work is done against the force of friction. 


W=mg 


14.3. Work done by a variable force : 


There are many situations in which a body may be moving R É =) R, t 
under the effect of varying forces. Here we consider the (°) : : E A 
situation when the body moves under the effect of a force AS 9; AS, 
whose magnitude and direction both may be changing. In AS ine AS, 
this case the body moves in a curved path [ Fig 14.4] ^ Fig. 144 

In order to calculate the work done, wher the force changes from point to point, divide the entire path 
into a large number of small segments AS}, AS,,..... AS, , which can be regarded as straight lines. 
Since the intervals are very small, the force along each of them miay be taken as constant both in direction 
and magnitude. Let F}, F,..... . F, be the magnitudes of the forces over the intervals and 01,95... 


0, be the angles made by the respective forces with the path intervals, the total work done is given by 
WzF, AS, cos0, +F, AS, cos0; +--+ F,A S, cos 0, 


b 
EN E; AS cos Opra LL C bn (14.3) 
k=1 


If the number of intervals is increased indefinitely, each interval being made infinitesimally small, the 
process of summation becomes equivalent to integration and the total work done can be expressed as 


W= ÍF coso as s mrp) dri. sop a M (14.4) 


14.4. Force-displacement graph : 


If the component of the force in the direction of displacement is plotted against displacement, the area 
under the graph will represent the work done by the force.: 


() When the applied forcé is constant then (F — S ) graph will be a straight line parallel to the 
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displacement axis [ Fig 14.5 (ii) ]. The area of the rectangle formed by the line and the S-axis gives the 

workdone. If the magnitude of the constant force be Fy and the displacement in the direction of the force 

be Sp then workdone W = FoSp = area OABC. á 
(iii) If however the force varies continuously 

the curve may be of any shape [ Fig 14.5 (ii) ]. T Fo B 

Work done by the force can still be calculated. 

Now we consider a very small displacement AS 


of the body, such that the variable force F remains So 
practically constant during such displacement. So, o ORT 
the workdone for the displacement AS is (i) 

: Fig. 14-5 


AW =F AS = area abcd : 
The total work done can be obtained by summing over all such elements and is given by the area 
included between the curve and S-axis. 


W=) F; AS = area OPQR 


14.5. Work done is rotation : : 
Let a disc is rotating about an axis passing through its centre O due to a tangential force F acting on 
it [Fig 14.6] and the disc rotates by an angle 0. Then the linear displacement of the 
F point of application of the force is s = r6 
^. Workdone by the force, W = Fs = Fr 0 ( 6 is the radian ) 
Now, Fr is the moment of the force or torque about the centre of rotation. So, 


torque t= Fr 
Workdone for rotation of 0 by the torque t is, W=10 
Fig. 14-6 -. Workdone W = torque x angular displacement. 


e Work done by a couple formed by two forces ( EF): 

When a body rotates due to a couple, the work done by the couple is sum of the works done separately 
by the two forces forming the couple. Let a couple ( F, F ) acts on the 
body R [ Fig 14.7]. AB is the arm of the couple. So, the moment of 
the couple or torque is. t = F (AB) 

Let due to the action of the couple the body rotates by an angle 9 
about the centre O. A moves to A, and B moves to B}. As 0 is small 
the arc AA, and BB, are straight lines, 

Now AA, = OA. 0 and BB, = OB.6. UO 

Workdone by the force F at A is W} = F(AA) = FAO. 0 

Similarly, the work done by the force at B is Wy = F (BB,) = F. BO. [] 

So, the total work done by the couple as the body rotates under its action through an angle 0 is 

W =W, + W, =F AO. 0 + F. BO. 0 
= F0 (AO + BO) = FO AB = «0 
. Workdone W = torque x angular displacement. 

Thus the work done is independent of the position of the point O about which rotation occurs. 

For one complete rotation angle of rotation = 2n 

So, after n complete rotation work done, Wz«c(2nn)-2m«n 


. W= torque x 2x n 
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14.6. Positive and negative work : r à 

If the displacement of the body by the influence of the force be in.the direction of the force then work 
is said to be done by the force. It is also termed as ‘negative work". ; 

Example : When a body is allowed to fall from the top of a tower, work is done by the force of 
gravity. It is a negative work. 

On the other hand, when an external agent causes a body to move opposite to the direction of the. 
applied force acting on the body then the work is done against the force. This type of force is called . 
‘positive work’. 

Example : Frictional force always acts opposite to the direction of motion. So work done against 
friction is a positive work. 

14.7. Units of work : 

Units of work is obtained by combining the units of force and displacement. 

(1) Absolute unit : (i) The C. G. S absolute unit of work is erg. 

One erg = 1 dyne x 1 cm = 1 dyne.cm 


So, one erg work is done when 1 dyne force acting on a body produces a displacement of 1 cm in the 
direction of the force. i 


(ii) In S. I. system, the absolute unit of work is joule. 
One joule=1Nx1m = 1 N-m 
One joule of work is done when a force of 1 N acting on a body produces a displacement of l m in 
the direction of the force. 


Relation: 1J=1N x 1 m= 10° dyne x 10? cm = 107 erg. 
N. B. Practical unit of work in cgs system is also Joule. 
(ii) In F. P. S system, the absolute unit of work is foot-poundal. 
1 ft-poundal = 1 poundal x 1 foot. 
Relation : 1 ft-poundal = 13825 dyne x 30:48 cm = 4:214 x 10 5 erg 
(2) Gravitational unit : (i) In c. g. s system the gravitational unit of work is g-cm 
1 g-cm = 1 g-wt x 1cm= 980 erg. 
It is the work done to raise a body of mass 1 g vertically against gravity by a distance of 1 cm. 
. (ii) In SI system gravitational unit is Kg-m. * 
1 kg-m = 1 kg.wt x 1 m = 9.8 J 


It is the workdone to raise a body of mass | kg vertically against the force of gravity by a distance of 
1 m. : 


(iii) In FPS system gravitational unit of work is foot pound. 
1 ft-pound = 1 pound x 1 foot. 
It is the work done to raise a body of mass 1 pound vertically against gravity by a distance of 1 foot. 
Relation : 1 ft pound = 32 ft-poundal 
-232x 4214 x 105 erg = 1:356 x 107 ergs = 1:356 J 
e Dimension of work : 
W=FS s [W]=[F] [S] = [MLT?] [L] = [ MI2 T2] 
Dimension of work = [ ML? T2] 
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EXAMPL 


Example 14.1 : A particle of mass 5 gm is moving along a straight line with a velocity of 
10 cm s-l. A force of 10/2 dyne is applied to it at an angle of 45° to the direction of motion. 
Calculate the change in kinetic energy after 1 sec. [H.S. 2003] 

Solution : Consider the fig 14.8. 

Initial velocity along X-axis, u, = 10 cm/s and initial velocity along 
Y-axis, Uy = 0 : 

1 1 
Initial Kinetic energy, Ex = gn = F x 5 x 100 = 250 erg . 
Now, X-Component of applied force, 


F, =F cos 45° = 1042 x -L.-10 dyne Fig. 148 


42 


and Y- Component of the applied force, F. yzF sin 45? — 10 dyne 


So, the acceleration along X-axis, 4, -2 -2cm/s? 


0 
and the acceleration along Y-axis, ay = z =2cm/s” 


*. Velocity along X-axis after 1 sec, v, =“, t ayf = 10+2x1=12 cm/s 
and velocity along Y-axis after 1 sec, v, =U, + at= 0+2x1=2cm/s 


" 


1 las 
. Total Kinetic energy after 1'sec of-motion Ej an (2+ vy) ae x 5 (144 + 4) = 370 erg 
Increase of kinetic energy = 370 — 250 = 120 erg 
Ex. 14.2 : Find the work done in joule by a man weighing 140 kg and carrying 20 kg of load to 
the top of ladder 16 m long, making an angle of 30° with the horizontal. (g = 9-8 m / s>)[ H. S. 1998] 


Solution : Work done, W = FS 


. W=160x98x 8] P AE A RoT 
= 1254x 10° J : 
S = 16 sin30° = 8 m 


> 
Ex. 14.3: A force F=- 5 * 25 + 3h N acts on a body. How much work is done if the body is 
displaced by 5 m long Z-axis ? 
Solution : Work done, W=F. 8 =(-1+2)+3h).(5k)=153 — So, the work done is 15 J 
Ex. 14.4: A wooden block is dragged along a horizontal floor by. a rope tied to it through a 
distance of 3 m. The rope is inclined at 60° with the horizontal and tension applied is 10 N. Calculate 
the work done. : 
a ROEHON 
Solution : Work done, W = FS cos 6 $23m; ^ @=60° 
". W=10x3x cos 60°= 15J j 
Ex. 14.5 : 8 stone cubes each of side 10 cm are scattered of the floor. How much work will be 
done when the stones are arranged vertically one above the other. Given, density of stone is 
2:5 gm / c.c i ; 
Solution : Mass of each stone m = Its volume and density 
~». m= 1000 x 25 = 2500 g = 25 kg 
+, mass of 8 stones = 25 x 8 = 20 kg 
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Now, the height of c.g of 8 stones above floor = 40 cm and the height of c.g of one stone above floor 
=5cm 

So, after vertical arrangement, rise of cig is 40- 5 = 35 cm = 0-35 m 

So, the work done, W = 20 x 9:8 x 0:35 J = 68:6 J 

Ex. 14.6 : A body of mass m initially at rest moves with a constant acceleration. After time t, its 


242 
velocity is v. Show that after a time T, the work done is E n 2 E [ H. S. 2001] 
t 


. Solution.: Initial velocity is zero. So if ‘a’ be the acceleration, then velocity after a time t is v = at and 

velocity after T , V = aT, 
FT 
So, the work done, W = >™ [« 
2 
W 2lgghp? - AS mT? 
2 2 2 
Ex. 14.7 : A body of mass 12 kg is raised along an inclined plane of length 10 m by a constant 


force of 250 N. The angle of inclination of the plane is 30°: How much work is done against the force 


- initial kinetic energy ] 


of friction. Coefficient of friction — F g=10m/s* 


Solution : Friction force, Fẹ =H mg cos 
*. Work done against friction, W =F,x = H mg.x cos 8 


Wen ex 12x10 x 0830" = 60:0 
Ex. 14.8 : The force acting on a particle varies with distance as shown in fig. 14.9. Calculate the 
workdone in displacing the particle from x = Otox=6m 


A Solution : We know that the work done by a force is equal the 
100N area of the (F- S) graph. s 
F Work done, W = area OAB — area BCDE 
déc i OB x AB- B E 
= xOBxAB-BCxB 
^ B "ER N 2 
PO ám l 4x100- 50x2 
Bü mars us D ud 
Fig. 149 = W=100J. 


14.8. Power: 


In the discussion of work, the time spent in doing the work is not mentioned. Work done does not 
depend on time. For example—the work done to raise a box from the floor to the roof of a house, does 
not depend on how fast the box is raised. It may be raised in few minutes or in few hours. In both the - 
cases work done is same. But sometimes we require to know the rate of doing a particular work. 

For example, in purchasing a machine, a buyer will want to know the time at which a given work is 
done by the machine. Evidently, the buyer will choose a machine which can perform a particular job in 
shorter time than another. 

The power is a term which is used to indicate how fast work is being done. We define power as 
follows : 3 

Power of an agent is the time rate of doing work by the agent. 

Work done (W) .. WwW 


p= 


5: Power PSS 3 
time interval, t t 
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Let a constant force F acts on a body for a time t when the body undergoes a displacement s in the 
direction of the force : 


Fs } 
^ Ve cid doter oris eese cad e qm ote (14.5) 


Where v is the velocity of the body after the above time interval. 
Power = force x velocity. 
If the displacement of the body be in the direction making an angle 0 with the force, then 


253 EY 
s 
pos ML A E Iq. (14.6) 
t 
In the case of rotational motion, power = torque x angular velocity 


Bie 0 Pa rt E E er rem CREE REST INS IO eru Votes SS (14.7) 


è Unit of power : 
(1) Absolute Unit : (i) In cgs system absolute unit of power is erg / sec, (ii) In SI system it is 
Joule / sec and (iii) in F. P. S. system unit is ft-poundal / sec. 
(2) Practical unit ; (i) In C. G. S and in SI system, the practical unit of power is watt. One watt is 
actually equal to one joule per second. 
G) InF P. S. system, the practical unit of power is Horse Power ( H. P.). 1 H. P. = 550 ft-pound / sec. 
So if 550 ft-pound of work is done in one sec then the power of a machine or a body is 1 HP. 
e Relation between Horse power and watt. 
1 HP = 550 ft-pound / sec = 550 Ib x 1 foot / sec 
= 550 x 32:2 poundal x 1 ft / sec. 
= 550 x 32:2 x 13825 x 30-48 
= 746 x 107 erg / sec = 746 watt. 
1000 
ky, —134HP 
Example 14.9: A person of mass 50 kg required 25 sec to go up a stair from its bottom. The 
number of steps is 50 and each step is of height. 12 cm. Calculate horse power of the person. 
Solution : The work done by the person W = his weight x vertical height 
W= mgh=50X9-8x50x12x10™ Joule 
W 25x9-8x12 


power of the person, Bt = OSs ae x 12 watt 
9.8x12 
P = 746 ^9 1576 HP 


Ex. 14.10: A car of mass 1000 Kg is moving up an inclined plane of inclination 1:50 with a 
speed of 40 km / hr. If the coefficient of friction between the plane and the wheels of the be 0:3, 
calculate the power of the engine. [ H. S. 2000] 

Solution : The car is moving up with a constant peed. So the force exerted by the engine (F) is equal 
to the opposing forces. 


F = mg sin 0 + p mg cos 0 = mg (sin 9 + p cos 0) = 1000 Kg 
=1000x 9:8 (0:02 +0:3x1)=3136N g -98 ms? 
s 1 
Power of the car P=Fv= 3136x 19. sin8 55 0.02 ; cosO = 1 
2 5 100 


s P-348x105W ` vc gr aga ME 
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Ex. 14.11 : (i) An engine pulls a car of mass 1500 kg along a horizontal road with a velocity of 
5 ms-l, If the resistance of the road be 1500 N calculate the power of the engine. 

(ii) If the engine now pulls the car up an inclined plane of inclination 1 : 10 with the same speed 

. calculate additional power required. 

Solution : (i) Power of the engine, P= F y : 

As the car is moving with constant speed, the force exerted by the engine is equal to the opposing 
frictional force. 

So the force exerted by the engine, P = 1500 N 

Power of the engine, P = 1500 x 5 = 7500 watts = T5 Kw : 

(ii) When the engine moves up the inclined plane, the component of the weight of the car ( mg sin 0) 

will oppose the motion. - 


Additional resistance to motion, F’ = mg sin @ 


Additional power required is m = 1500 Kg 
P’=F’v=mgsin@-v 8 =9-8 ms? 
=1500x9:8x0:1x5 sin - -L-01 


= 7300 watt = 7:36 Kw v=5 ms! 


Ex. 14.12: A pump can fill up a water tank of volume 30 m? kept at a height of 40 m in 15 
minute. If the efficiency of the pump be 30%, calculate the power of the engine. 

Solution : Mass of water lifted, m = pV = 1000 x 30 = 3 x 104 Kg. 

work done to raise this water through a height of 40 mis W — mg 2 3x10* x9-8x40=1. 176x107 J 


$ W 1476x107... 
Effective power of the pump, P, Sore Sone J/S=13-07 Kw 
P i 
Actual power of the pump, P EET uL [123096 20.3] 


P = 43:56 Kw 
Ex. 14.13: A pump can throw water of mass 2400 kg with a velocity of 3 ms-! per minute, What 
is the power of the pump ? If the pump runs for 10 hours, calculate work performed by the engine. 


Solution : Mass of water flowing out per sec, m 200. 40Kg 


Kinetic energy of this water sim? - x40x (3)? =180J 


Power of the pump = 180 J/s = 180 watts 
Work done in 10 hours, w= P-t =180x10 watt- hr 
W = 1800 x 3600 = 6:48 x 106 J 

14.9. Energy: 


Energy of a body can be defined as the capacity or ability to do work and is measured by the 
amount of work the body can perform. x 


If a body has energy it is capable of doing work. A racing car has energy because it can do work 
before it comes to rest. Energy of a body is measured by the tota] work it can perform, So energy is 
measured in the same init ac the warl 
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* Unit of energy in SI system is Joule and it is a scalar quantity. 

* Dimension of energy is [ ML2T-2 ] i.e., same as that of work. 

Further, energy and power are different from each other. Whereas, energy of a body is the total amount 
of work that a body can do and does not depend on time during which the work is performed, the power 
of the body depends on the time in which the work is done. 

Energy can exist in different forms such as (i) mechanical energy, (ii) heat energy (iii) light energy 
(iv) electric energy (v) sound energy (vi) magnetic energy (vii) chemical energy, (viii) atomic energy etc. 

We will be mainly concerned with mechanical energy, which is of two types : Kinetic energy and 
potential energy. ` 4 


14.10. Kinetic energy. 

The energy possessed by a body by virtue of its motion is called kinetic energy. A moving object 
having kinetic energy can do work on another object when it strikes it. So, an object in motion has the 
ability to do work. Followings are a few examples of bodies having kinetic energy. 

(i) Kinetic energy of air is used to run a windmill. 

(ii) The vast-mass of water in a reservoir is unable to do any work. But water gushing out of the 
bottom of the reservoir with a high velocity easily drives a dynamo. Due to its very high velocity, the 
flowing water has high kinetic energy, which is then used up in driving the dynamo. 

(iii) The kinetic energy of a hammer is made use óf in driving a nail into a piece of wood. 

(iv) A bullet fired from a gun can pierce a target due to its kinetic energy. : 

Calm water, quiet air or a hammer resting on a floor can not do any work. Evidently, when a body is 
in motion it acquires some ability to perform work. 

Again motion may be of two types : translatory and rotatory. So kinetic energy may be either 
translational or rotational or both. A freely falling body possesses translational kinetic energy, while the 
energy of a rotating fly-wheel is purely rotational. On the other hand, the energy of the wheels of a 
moving car is both translational and rotational. 

14.10.1. Measurement of kinetic energy : 

A. In the case of translational motion : The kinetic energy of a body of mass m moving with a 
velocity v can be found by calculating the amount of work done by the moving body against the external 
force, before-it comes to rest. This work done is the measure of initial kinetic energy of the body. 

(i) When the external force is constant : Let the constant applied force against the motion is F. If ‘a’ 
be the uniform retardation produced in the body then, a = F / m. If the body travels a distance x before 
stopping, we write 


O= u = 2ax 0, azl- 
X 
Kinetic energy of the body, E, = work done against the applied force. 
E,-2Fx-max [++ F=ma] 


ob VM Los 
E, =m. amy 


1 
Kinetic energy = 2 x mass of the body x (linear velocity)? 


* — Work-energy Theorem : If under the action of the applied force F, the velocity of a body increases 
from v; to v, during which the body covers a distance x, then 
oe o e ARI 
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29572 

. Work done by the force — FX E 
1 2 oup 2/1742 
23m, -v Lay my zm 


= Final kinetic energy — initial kinetic energy. 
= Increase of kinetic energy of the body. 

So, increase of kinetic energy of a body is equal to the work done by the impressed force. It is the 
work-energy theorem. 

Thus when a force does work on a body, its kinetic energy increases, the increase in kinetic energy is 
equal to the amount of work done. The converse is also true. When the kinetic energy of a body is 
decreased by a retarding force, the decrease of kinetic energy: is equal to the work done by the body 
against the retarding force. T 


e Kinetic energy and momentum of a body 
Sometimes the kinetic energy a body is conveniently expressed in turns of its momentum. Now, the 


momentum of a moving body is given by P = mv and kinetic energy E =m? 
21 2 
polmv .lP Alo p-42mE 


2. m 2m 


e When the external force is Variable : Let a time varying force acts on a body of mass m. As a 
result the body is displaced from a point P to another point Q. Then the work done by the force is 


Q Q 
W= [rar = J maar [ a = acceleration produced ] 
P P ; 


Q Q 
=|m Qum - jme E c 
dt dt 
P P 


v 
W=m bá => m v - v2) = Change of kinetic energy. 
vı 
B. Kinetic energy due to rotations motion : In the case of purely rotational motion, kinetic energy 
; 1 
of the body is E =7 lw’. 
When I is the moment of inertia about the axis of rotation and œ = angular velocity of the particle. 


Example 14.14 : A body of mass 1-0 kg initially at rest is moving by a horizontal force of 0-5 N 
on a smooth frictionless surface. Calculate the work done by the force in 5 sec and show that this is 
equal to the change of kinetic energy of the body. 

E _ 0:5 e 

Solution : Acceleration of the body, 4 = 37 T0 = 0-5 ms? 

velocity after 10 sec, v =u +at =0+0-5x10=5 m/s 


1 
. Distance travelled in 10 sec, S =a [0] 


=4x0:5%100= 25m 
. Work done by the force in 10 sec, W = FS 205 x 25 = 12:5 J 
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Now, the change of kinetic energy, AE — im z i mu? 
AE-lm -IxroxGY =12-53 


So, the workdone by the force is equal to change of kinetic energy. ` 
14.11. Potential energy : 


Potential energy of a body is the energy possessed by it by virtue of its position or configuration. 
This energy is measured by the work that is available when the body returns to its initial standard position 
or configuration from the present position or configuration. For example, (i) a wound watch spring has 
potential energy on account of its wound state or configuration of the coil. As the spring unwinds, it does 
work to move the hands of the watch. So, a wound spring has the potential energy to do work. 

(ii) When a weight is raised through à certain height, work is done against the force of gravity. This 
work is stored in the body in its new elevated position as potential energy. If it is allowed to discend to its 
initial position, it can do work. It can compress a spring or if it is allowed to fall freely, it can drive a pile 
into the ground. 

"The first example pertains to the potential energy possessed by a body by virtue of its configuration 
while the second example is related to the gravitational potential energy possessed by a body due to its 
location or position above the surface of the earth. 

14.12. Gravitational Potential energy : 

A body of mass m is lying at A on the surface of the earth. If g be the 
acceleration due to gravity on the earth's surface, it will be attached by the earth 
towards its centre with a force F — mg, equal to the weight of the body. Now, to 
raise the body from A to the new position B with zero accelaration a force equal 
to mg is applied on the body in the upward direction [ fig 14.10 ]. If it is raised mg 
through:a height A, ( ^. «« R, éarth's radius ) then the work done is | 

W = force x displacement = mgh. 

This work is stored inside the body as its potential energy. 

So potential energy = mgh... essers server toto (14.8) mg 

This energy can be regained by dropping the body back to the ground. Fig. 1410 

In fact, mgh is the change of potential energy of the body in going from A to B. However, if the 
surface of the earth be taken as. zero level of potential energy then, mgh will represent potential energy of 
the body at B. 

It is to be noted that in obtaining the equation (14.8) h is assumed to be very small compound to the 
radius of the earth so that g may be taken to be constant over the distance h. i 

e Gravitational potential energy does not depend upon the path followed. The amount of 
gravitational potential energy depends only on vertical height from the reference level. Suppose a body of 
mass m is raised along the-surface of a frictionless inclined plane of 
inclination 0 fo a heigh h [ Fig 14.11]. As the body is pulled upward 
along the plane, work is done against the down component of its weight 
mg along the plane, viz mg sin €. The other component mg cos 6 
being normal to the direction of displacement, does not perform work. 
So, the work done to raise the body to the point B on the plane which 
is at a height BC = h is 


A zero P.E. G W = force x displacement 
. Fig. 14-11 = mg sin 9 x AB = mg x (AB. sin 0 ) = mgh 
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It is the potential energy of the body, which is same as that obtained earlier, when the body was raised 
vertically upwards, 

e Gravitations potential energy depends on the reference level 

When the body is situated at a point above the reference level ( When potential energy is arbitarily 
taken to be zero ) a body has positive potential energy. If the body is located below that level, its 
potential energy is negative. 

In fig 14.12 the body at A is on the reference plane. So its potential energy PE = 0. In raising the mass 


s from A to B work is done against gravity. Its potential energy is 
pee mgh PE = + mgh. When it returns to A, it releases the energy. 
Similarly, in going from A to C, the body releases energy and 


h À 3 à E. 3 
=- e A again 
Referen T now its potential energy is PE mgh. So to raise it to A ag 
steer | Ima peo work must be done to supply the required energy. 
h 


= So, if the earth is taken as zero level of potential energy, a 


m C PE--mgh body above the earth's surface possesses positive potential energy 
SUE and the body below the earth's surface has negative potential 
ag. 14 $ 


energy. 
Example 14.15 : A body of mass 1 kg is projected vertically upwards with a velocity of 250 cm/ 
s from a point 8 m above the ground. What will be its kinetic energy when it is about to touch the 
ground ? [ H. S. 1990 ] 
Solution : When the body reaches the point of project its velocity will be 250 cm /s downwards. Let 
v be the velocity when it is about to touch thé ground. Then 
v? (2.5? 2x9.8x8 [u=2-5m/s, h=8m 
= 163-05 m^s? i 
Kinetic energy just before it touches the ground is E = i my? = i x1x163.05— 81-525 J 
Ex. 14.16: A block of mass 2:0 kg initially at rest on a horizontal floor moves under the action 
of an applied horizontal force 10 N. If the coefficient of friction between the block and the floor be 
0:2, calculate the kinetic energy of the block after 5 sec, g = 9:8 ms?, 
Solution : Frictional force, Fy =p mg 20:2x2x9.823.92N. [p 202,m-2kg] 
If ‘a’ be the acceleration of the block then its equation of motion is ma =F ~ F, 
F-F, -23. 
a zLTCID 102398 j 3.04 ms ? 
m 2 
Velocity of the block after 5 sec, v20-at 23.04 x5-15.:2 ms”! 


Its kinétic energy after's sec, E= im ^ =4x 2x (15-2)? = 231-043 


Ex. 14.17 : The length of a pendulum is 50 cm and mass of the bob 
4 gm. The pendulum is raised to the horizontal position and then released. 
When the pendulum makes 60° with the vertical, calculate the kinetic 
energy of the pendulum bob. 


Solution : The situation is shown in fig 14.13. The pendulum is released 
from the horizontal position OA. At the position OB the pendulum makes 
angle of 60° with the vertical. So, the vertical fall of the bob is 


OC = OB cos 60* - 50x 3. = 25cm, 


Fig. 14-13 
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Hence from the principle of conservation of energy, 
Kinetic energy at B = loss of potential energy of the block in passing from Ato B 


E=mgh [OC 7^] m = 4g 
= 4x 980 25 g = 980 cm s? 
= 9-8 x 104 erg haria cm 
and height of an inclined plane are respectively 4 m and 3 m. 


How much work is done to raise a block of mass 600 kg from the bottom to the top of the inclined 
plane along its surface. Given, the coefficient of friction between the block and the plane is 0:5. 


Solution : The minimum force required to raise the block along the plane is 
F = Component of weight along the plane + Frictional force. 
mg sin 0 + p mg cos 8 
mg ( sin 0 + p cos 6) 
3 3 


Here sin0 = Tess 
s [? "o 5 


m=600kg, g=9:8ms~, p 20-5 


Ex.14.18: The length of the base 


nou i 


F 


p= 600 x9-8(2+0:5%5)=600%9-8N j 
;. Work done to raise the block from A to B is A 4m 
Fig. 1414 


F = 600 x 9:8 x (AB) = 600 x 98 x 5 = 29:3 x 103 J 


Ex. 14.19: A pump can raise water at the rate of 5 litre per sec to a height of 6 m and throw the 
2. What is the power of the engine ? 


water through a pipe of radius 1'2 cm, g 2 9.8 m/s 
Solution : Mass of water raised per second = 5 kg 
Rise of potential energy of this water when it is raised to a 
Now, this water is thrown by à pipe. 

If A = xi? be the area of cross section of the pipe an: 
mass of water thrown in 1 sec is m= AVp 


height 6 m, B= mgh=5x98x 6-294 J 


d V be the velocity of water through the pipe, then 


nr'vpem r 212cm 
I al SUS D m = 5000 gm 
3.14 x (1:2) x1 p =1 gcc: 


= 1105-9 cm/s = 11:06 m/s. 
Kinetic energy of water, Ex = hmv? =4xs x (11:06)? = 305-81 J 
Work done by the pump per sec W = (294 + 305:81) = 600 J/s 


Power of the pump = 600W 
rizontally with a velocity of v, = 15 ms"! is returned in opposite 


Ex. 14.20 : A tenis ball coming ho! 
direction with a velocity of v; = 20 ms"! by hitting it with the racket. If the change in kinetic energy 
of the ball be AE = 8°75 J, calculate the change of momentum of the ball. [ J. E. E. 1984] 


Solution : 1f the mass of the ball be m, then its change of kinetic energy, 


age mene n ar" = is n Joule 


Phy (D—20 
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; L5. EE WELT! 
By question, a m-8 TS LEES 175 
So, the change of momentum of the tenis ball 
AP = m. AV =m|[v, - (-v)] 
=m (v, + vj) = 0-1 x (15 + 10) = 3-5 kg-m/s 


=0-1kg 


14.13. Potential energy of a stretched spring : 


When a spring is stretched or compressed or to give it different shape some work is done against the 
elastic force. This energy remains stored inside the spring 


as elastic potential energy. When the spring returns to its 
initial configuration, the spring can do some work. 


| X-axis Let us consider a spring fixed at one end and a block is 
i attached at the other end. The block is placed on a frictionless 
horizontal surface. We neglect the mass of the spring 
F compared to the mass of the block [Fig. 14.15]. 
L [i 
x) Now, the spring is stretched by a distance x. The spring 


will exert a force on us during stretching. This force is due 
to reaction of the spring. It is called restoring force. Which 
is proportional to the displacement x.and acts opposite to the direction of displacements. 
Ro-x o. 08 F=- 
Where k is called force constant of the spring. 
To stretch the spring we must apply a force F’ on it equal and opposite to the force F exerted by the 
spring. So, the applied force is F’ = p kx 


Fig. 14:15 


Evidently F’ is a variable force as it depends on x. 
* Calculation of work done on the spring : 
Method 1: Force applied to stretch the spring by a distance x is F’ = kx 
Orkx 1 
-—kx 
2 2 
Work done for its stretching by x is W = Average force x displacement of the spring 


1 
1 


Average force on the spring, F, = 


73 VS AUR PSOE EU. Pn Tae nce (14.9) 


Method 2: Graphical method : We could evaluate the work by finding the area under the force- 
displacement graph form x= 0 to x=x[ Fig 14.16]. The figure shows a curve between the external force 
F’ applied and the extension x. F 


Workdone on the spring is Î 
W = area of A AOB 


zn cd 
75 (OB) (AB) 2 .x -kx 


1752 
W=-k o 
2 Fig. 1416 ~ 
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Method 3 : Calculus method : From the fig 14.17 the work done is stretching the spring from x to 


x+dx is dW = F'dx = kx dx 
Hence the total work done for stretching the spring by a distance x is 


x x 1 
We [Pde = | ix dx= 7 e? 
0 0 Z 

The work done is stretching or compressing a spring is stored in it in 
the form of potential energy, which is due to the change of configuration o d 
of the coil of the spring. Hence the potential energy of a light spring of ii 


1 
1 
1 
1 
1 
i 
' 
1 
] 

x 


force constant k when it is stretched or compressed by amount x is dear 
LUURIS 5 
Is 3 kx 


Example 14.21: A block of mass 5 kg while moving with a velocity of 2-5 ms! strikes a spring 
and comes to rest after compressing it through a distance. If the force constant of the spring be 30 
Nm™!, calculate the length by which the spring is compressed. 

Solution : Kinetic energy of the block, 

C E ec 5)? =15- 
E; = jm" =5 x5x(2:5)* 215-625J 
This energy is spent is compressing the spring. If the spring is compressed by x then 


1 "d ^ ai 2E, 
;* =E, 4 xc TE 
[215-625 
x= (930-7 eee 


Ex. 14.22 : A body of mass 2 kg strikes at one end of a horizontal spring of force constant 4 
N m^, As a result the spring is compressed by 4 m. If the coefficient of friction between the body 
and the surface be 0:25, calculate the velocity with which the body strikes the spring. 

Solution : Let the spring strikes the spring with the velocity of v m/s. Then by the principle of 


conservation of energy. 
Kinetic energy of the body before impact — potential energy of the spring due to compression + work 


done against friction 


qm? 23 ke? +umgx m=2 kg 
k =4Nm! 
Ix! =}x4x(4 +0:25x2x9:8x4 u =025 
x=4m 
23241962516 .. v=718 ms! 


Velocity of the body before impact = 7-18 ms 


14.14. Mass-Energy Equivalence : 3 

In 1905 Einstein in his theory of relativity proved the equivalence of mass and energy. From this 
equivalence we come to know that mass can be converted into energy. He showed that mass m can be 
transformed into equivalent energy according to the relation E = mC2 Where C = velocity of light in 
vacuum. Most of the energy of the universe, such as energy from the sun and the stars comes from 
conversion of mass. into energy. The above equation is known as Einstein’s formula of mass-energy 


equivalence. 
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Discussion of the result 

G) The relation E = mC? leads to the unification of two laws — law of conservation of energy and 
law of conservation of mass into a single law which is now called the law of conservation of mass- 
energy. 

(ii) Earlier it was the opinion that mass is something fundamental to matter, while energy is the 
property of matter acquired by it by virtue of position or motion. The relation E = mC? puts an end to this 
distinction. 

Example 14.23 : Calculate the energy in MeV equivalent to the mass of electron at rest. Given 
rest mass of electron my = 9-1x10-!kg, velocity of light C = 3x108 ms“! and 1 MeV = 16 x 10-1? T. 

Solution : The equivalent energy, E = mC? 

-31 Me sx seia S 
E=9-1x107?!x(3x108) J 281.9x10 73 METERS DU 512 MeV 
Ex. 14.24: Estimate the amount of energy released in the following nuclear fusion reaction : 


(H? +, H? > 3He? «o n! 
Given, mass of , H? = 2.0141 amu, mass of He? 23:016 amu mass of on! =1-0087 amu. and 
1 amu -1.661x10 77 Kg. 
Solution : The given nuclear reaction is : 1B? + BS HS +o n! 


So, total initial mass. (H? +, H?)=2-0141+2-0141 = 4-0282 amu 


total final mass (3H? +9 n!) = 3-016 +1-0087 = 4-0247 amu 
mass difference ( loss in mass ), Am = 4-0282 — 4-0247 = 0: 0035 amu 
Am =0:0035x1:661x 1072’ kg = 3-5x1-661x 107 
Energy released E= Am-C? =3-5x1-661% 107° x (3-0 108)? 


-14 
-52.32x1074] = 32:32X10 — = 3.27 Mev 
1:6x107 

14.15. Principle of Conservation of energy : 

Energy can exist in different forms. But all energies are same: One form of energy can be converted 
into other form. Whenever, energy of one form disappears an equivalent amount of energy appears in 
some other form, so that total energy remains constant. The principle of conservation of energy may be 
stated as follows : 

The energy can neither be created nor can be destroyed but can only be converted from one form to 
another. 

It means that total energy of an isolated system always remains constant. 

After the discovery of Einstein’s theory of relativity the modified energy conservation law is : the sum 
total of mass and energy of the universe remains constant. 

14.16. Transformation of energy : 

In all physical processes, energy changes from one form to another. We mention some examples. 

(i) When two stones are rubbed, heat is produced. Here mechanical energy is converted to heat 

energy. 
(ii) What coal is burnt, heat is produced. Here chemical energy of coal is converted to heat. 
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Gii) In the sun, mass is converted into radiant energy. 

(iv) When current is passed through an electric bulb, heat and light are produced. Here electric 
energy is converted to heat and light energy. : 

(v) Ina heat engine, heat energy changes into mechanical energy. 

(vi) Ina primary cell, chemical energy is converted to electrical energy. 

(vii) In an electric fan, electric energy is converted to mechanical energy. 

(viii) In a thermocouple, heat energy is converted to electric energy. 

(ix) In a petrol engine, chemical energy of the fuel is converted to mechanical energy. 


14.17. Conservation of mechanical energy : 

Potential energy and kinetic energy of a body together are called mechanical energy. A body possesses 
potential energy by virtue of its position and it possesses kinetic energy by virtue of its motion. A moving 
body may possess both kinetic and potential energy at the same time. For example, when a body is 
projected upwards, during its motion through air, the body has both kinetic and potential energy. The total 
energy of such a body is the sum of both of these energies: So total energy, 


BOBS PB ost seman artes ene (14.10) 

A careful and closer examination of different energy transformation processes lead us to the very 
important conclusion known as principle of conservation of mechanical energy. 

The principle states — when friction or any other dissipative forces are absent, the total mechanical 
energy i.e., the sum of the potential and kinetic energy of a system of bodies, remains constant. 

In the following cases, we shall prove that sum of potential and kinetic energy is constant — i.e., 
mechanical energy is conserved. 

(A) In the case of freely falling body : 

A body of mass m is raised to a height h from the ground which is the reference plane. So the 
gravitational potential energy at A is E, = mgh. As the body is at rest at A, kinetic energy at A is E, = 0 


The total energy at A, E = E, +E, = mgh. 


Now, the body is allowed to fall freely from A. Let it descends m E, -mgh 
through a height x to reach B. The potential energy at B, 1 E, -0 
p = mgs (h — x) [A - x = height of B from the ground ]. ] 
1 
If the velocity at this point be v then its kinetic energy, \ 
h By E =mg(h-x 
E,= ln? ! ł pms (h-x) 
2 1 
Since the body starts from rest and descends with downwards ! h-x 
acceleration g, then v? =2gx. | E, =0 
1 
So, the total energy at B, E-2mg(h-x)* gj" 2gx =mgh C Reference plane 
Fig. 14-18 


When the body reaches the reference plane, its potential energy 
E,= 0. 
Now, its whole energy is kinetic. If v, be the velocity of the body at C than v? =2gh 


1 
Total energy at C=> mv? =mgh 


Total energy at A = total energy at B = total energy at C 
So, in the case of free fall total mechanical energy is conserved. 
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(B) In the case of a body falling down a smooth inclined plane : 

Let a body of mass m is sliding down a smooth inclined plane of inclination 0 [ Fig 14.19]. Initially 
the body is at A at a height A from the reference plane, At A kinetic energy of the body is zero. So that 
total energy at A, E = potential energy = mg. 

The body slides down due to the force F = mg sin 9. Its 
downwards acceleration, a = g sin 0. When it comes to B its 
vertical fall is x. 

Potential energy at B = mg (h — x) and if v be the velocity 


of the body at B, then it is given by 


2 3 x x 

v* =0+2as =2.g sin 0-—— AB=—— 

c = Reference level & sin 0 | | 
ig. 14-19 


the kinetic energy at B= iw = inis =mgx 
total energy at B= mg (h—x)+mgx = mgh 


which is same as the initial energy, 
When the body is at C on the reference level, its potential energy is zero and total energy is wholly 


kinetic. 
Now, if v, be the velocity at C then, v? = 2-g sing =2gh 


total energy at C = Kinetic energy at C d =mgh 


Hence the total energy is conserved, 

Example 14.25 : A body of mass 2 kg is sliding down a smooth inclined plane. The length and 
height of the inclined plane is 5 m and 3 m respectively. 

(a) What will be its kinetic energy at the bottom of the plane ? 

(b) After the inclined plane, how far the body will travel along a horizontal road before it stops 
? Given, the coefficient of friction between the body and the road = 0-2 

Solution : (a) Initial height of the body from the road is 3 m. Its velocity when it reaches the bottom 


of the plane is v 2 J2gh = 42x9.8x3 
Kinetic energy at the bottom of the plane is. Ej, =4m? = ix 2x2x9.8x3258.8J 


(b) Let the body travels a distance x on the horizontal road before it stops, then 
initial K. E. = Work done against friction 
58-8 


58:82 F,-x-pmpx «+ 7 2x2x93 5" 


14.18. Work done against friction in the case of a motion down a rough inclined 
plane : 

We have seen that when a body slide down a smooth inclined plane, total mechanical energy is 
conserved. But if the inclined plane is rough, the body has to perform some work against the frictional 


force of the plane. As the body performs some work in moving down the inclined plane, its total mechanical 
energy at the bottom of the plane will be less than its mechanical energy at the top of the plane. 
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We now calculate the loss of energy due to friction along the inclined plane. The body of mass m is at 
A on the top of a rough inclined plane of inclination 0 [ Fig 14.20 ]. At A, its total energy is equal to 
potential energy at a height A from the bottom of the plane which is the reference level. 

. total energy at A, E = mgh [ as K. E is zero ] oa 

When it slides down the plane, net downward force is 

F=mg sin® — F; = mg sin® - WN = mg sin0 — u mg cos 
*. acceleration down to plane, a= g (sin 0 |i cos 0) 
Now, if v be the velocity of the body at B, then 


v? 2 04 2a (AB) = 2g (sin0 - u cos0) x Ty [x = vertical fall] 


Fig. 14-20 


1 : 
Kinetic energy at B= 3 my? = mg. (sinQ — p cos®) zx 


Now, potential energy at B mg (/— x) 


Total mechanical energy at B= mg (sin — p cos 0) Ll - mg (h— x) 
sin 


= - ed - = - E - z 
-mgx- mg cos0 sag ms x) = mgh - p mg cos 0 (AB) [^5 5l 


=mgh- F; -AB=mgh- W; 


When W, =F, (AB) work done against friction. So the total energy at B is less than the total energy 
at A by W, which is the loss of energy due to friction. 


14.19. Work-energy theorem : 

According to this theorem, work done by a force on a body is equal to change of kinetic energy of the 
body. 

Explanations : Let a body of mass m is initially moving with a velocity v,. Now a constant force F 
is applied on the body in the direction of its motion. If x be the displacement and v; be the final velocity 


then workdone on the body = Fx. 
W = maa [ a = acceleration of the body ] 


Now, V9" =v? +2ax ^ ax- 3 (vy? =v) 


WeLnyf -w! =E - E, = final KE- initial KE. 


Work done on the body = increase of kinetic energy. 


x2 x? v 
e Ifthe force be variable then, W= |Fax= [moar = [mwazi m (vw? - v?) 
t 


» » "n 


14.20. Conservative and non- conservative forces : 

(i) Conservative force : A force is said to the conservative if the work done by the force does not 
depend on the path along which the body moves, but depends on the initials and final position. Work 
done by this force over a round trip is zero, so that after completion of the round trip the particle returns 
with the same energy which it possesses initially. 
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Example : Gravitational force is conservative. When a body is projected vertically upward, work is 
done against the force of gravity. This work done is stored in the body in the form of potential energy. 
When the body falls downwards, its potential energy decreases and the descending body can do some 
work. It means that the work done by gravity recoverable and over a round trip net work done is zero. 

Besides gravitational force, other examples of conservative forces are—elastic force, electrostatic force. 


(ii) Non-conservative force : A force is said to be non-conservative or dissipative if work done by 
the force depends on the path along which the body moves, work done by such a force over a round trip 
is not zero, so that at the completion of the round trip the particle does not return with the same kinetic 
energy which it had initially. 

Example : Frictional force, fluid viscosity. When a body is made to move over a rough horizontal 
surface, work is done against the force of friction. The energy spent for performing this work is not stored 
in the body as potential energy and the body does not gain any capacity of doing work in this process. 
When the body returns to its initial position along the same route, work is done against the force of 
friction because it always opposes the motion. So work can not be recovered in this case. The net work 
done in the round trip is not zero. Evidently the frictional force is a non-conservative force. 


@ SHORT ANSWER TYPE QUESTIONS (With Answers) @ 


Q. 1. A car is moving along a horizontal road at constant speed. Is work done on the car ? ; 
[ J. E. E. 1995 ] 


Ans : As the car is moving with constant speed, net force acting on the car is zero. But the engine of 
the car is exerting a force to overcome the force of friction of the road. So the force of the engine acting 
on the car keeps its speed of running constant. So work is done on the engine of the car, Rate of work 
done by the engine a frictional force (F) x constant speed (v) = Fy. 


Q. 2. A man is swimming against the water current in a river in such a way that he remains 
stationary with respect to the bank of the river. Does the man performing any work ? [H. S. 2000] 

Ans : The man does no work. Explanation : To remain stationary with respect to the shore the man 
has to exert force against the force of water current. But the point of application of the force is not 
displaced with respect to the bank of the river. So work = Fs = 0 as the displacement (s) is zero. 

Q. 3. A car and a truck has same momentum. Whose kinetic energy is greater ? 

Ans : The kinetic energy of the car is greater. 

Explanation : Let m and v be the mass and velocity of the car. The corresponding quantities for the 
truck are M and V 

By question MV 2mv => V =i 


Now, kinetic energy of thè truck, E, -IMvi and the kinetic energy of the car, E, zlay? 


2 
E MV? MV? x 
= ES Xe ce P NEBIESE 
E; my? my? M M í 2 
So, the energy E, of the car is greater. 


Q. 4. A car and a truck have same kinetic energy. Show whose momentum is greater ? 

Ans : Momentum of the truck is greater. 

Let m and v be the mass and velocity of the car and the corresponding quantities of the truck are M 
and V. 


i ; 1 R AS E EVEA : 
. By question 3 MV cam qu Myr N UE (i) 
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Now, momentum of the car, P, =mv and momentum of the truck, P, = MV 


Pi m _ | mv? [m ; 
Now, B MV USE M“! [By (i) ] 


P, >P, So the momentum of the truck is greater. 


Q.5. A bullet of mass m is fired from a gun of mass M with a velocity u relative to the gun. 
What are the actual velocities of bullet and the gun ? Show that their kinetic energy is inversely 
properties to their masses. 


Ans. Let v and V be the actual velocities of bullet and the gun respectively. Then by the principle of 
conservation of linear momentum : my = MV 


Now, u is the relative velocity of the bullet with respect to the gun so, u=V+y .... (ii) 
Hence from equation (i) and (ii), m(u— V) = MV 


V= ew It is the actual velocity of recoil of the gun. 
actual velocity of the bullet, PENNE Mu 
m M+m 


1 1 
2nd part : Kinetic energy of the bullet, Ej 2m? and kinetic energy of the gun, E; =—MV? 
E 2 5 


2 
Ej my? =m Mw? (Mem! M 
E2 MV (Mem) M MA? m 
kinetic energy of the bullet _ mass of the gun 
kinetic energy of the gun mass of the bullet 
Q. 6. A conveyer belt is moving horizontally with a velocity v m/s. Sand is falling on the belt at 


the rate of M kg /s. Calculate (i) Additional force needed to keep the belt moving (ii) rate of work 
done by the force. 


Ans : (i) The force required to keep the belt moving with the same speed v m/s is 
F = rate of change of momentum of the sand falling on the belt = Mv kg-m/s ? = Mv Neuton. 
(ii) Rate of doing work by this force = Force x Velocity = Mv? J/s 

Q. 7. A person gets greater blow when he falls on a hard floor than when he falls on sand from 
the same height. 

Ans : Blow received by the person is equal to the rate of change of his momentum. When the man 
falls on the hard floor from a certain height, his velocity becomes zero immediately. His rate of change of 
momentum is very fast. So, he receives large blow. 

On the other hand when he falls on heaps of sands from the same height, sands moves out. So the 
velocity of the man becomes zero slowly. Now, his rate of change of momentum is relatively slow. So 
now he receives less blow. 

Q. 8. A hydrogen filled balloon moves upwards when both of its kinetic energy and potential 
energy increases. Is the principle of conservation of energy violated here ? 

Ans : When an external force other than the force of gravity acts on a body moving upwards, the 
principle of conservation of energy is not applicable. The principle is not violated. 

Explanation : Hydrogen gas is lighter than.air, when a balloon is filled with hydrogen its total weight 
is less than the upthrust or buoyancy of air. So a net upward force acts on the balloon. Evidently an 
additional force other than the force of gravity acts on the balloon. Due to this upward force, the balloon 
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has an upward acceleration and its velocity in the upward direction gradually increases. So, its kinetic 


nee 
energy | Ex E mv" | gradually increases. 


Again due to its upward motion, its potential energy also gradually increases. 
Q. 9. A particle of mass m is moving in a horizontal circle of radius r under a centripetal force 


of — k / r?, where k is a constant. What is the total energy of the particle ? [LI T. 1973] 
Ans : Let the particle of mass m is moving with a constant speed v along a circle of radius r, then 
my? k PES 
=s oe my = 
r r? r 


Kinetic energy of the particle, E% =f mv =4 


f ER k 
and political energy, Ej =- JF drz- fC) drz-— 


*. Total energy of the particle, E- E, +E, =~ CAO. E 


Q. 10. A force F — a + bx acts on the particles. How much work is done to displace if from x = 
x, to x =x, ? a and b are constants. 


x2 A 
Ans: Work done, W = Jra:- I[C + bx) dx 
x x, 


Wa (x; =x) +b? -x2) 


Q. 11. A spring of force constant k is extended by a distance x. (i) Draw force-elongation graph 
and (ii) elastic energy-elongation graph of the spring, 


Ans. (i) As the spring is elongated from 
x = 0 to x = x, force on the spring varies from 
F = 0 to F = kx. So the force-elongation graph 
will be a straight line as shown in fig. 14.21(i). 

(ii) Energy stored in the spring is E — i hx. 


So the variation of elastic potential energy with 
ix «ue —> +x ^ ; 
OM ol 2 elongation will be parabolic as shown in 
Fig. 1421 fig.14.21(ii) 


Q. 12. A stone is projected upwards with a velocity vy. Show that the velocity of the stone at a 
particular height will be same whatever be its trajectory. 

Ans : If the frictional force is neglected, only force acting on the 
stone is its weight mg. Potential energy of the stone of mass m at a height 
hisE, = mgh [ Fig. 14.22] 


If v be the velocity at a height ‘h’, its kinetic energy Ej =m? 


So, by the principle of conservation of energy 


mv? at my? + mgh .. v= Vvo —2gh 


2 . Fig. 14.22 
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So, if the initial velocity is constant, the velocity at a ‘h’ is also a constant. It does not depend on the 
trajectory of the particle. 


Q. 13. When a disc of mass m slides down an inclined plane, its velocity at the bottom of the 
plane is v}. But when it rolls down the inclined plane, its linear velocity at the bottom is v;. Show 


, that v, = B. 


Ans : Let h be the height of the inclined plane. Then im =mgh, or, v = y2gh 


In the second case the rolling disc has both translational and rotational kinetic energy. 


1 
;" +510 =mgh [ I = moment of inertia of the disc ] 
A 2 
iw pay! mr? 22-= meh edo? 
2 Daa r? 2 
MAN Euer: 
Or, 3m =mgh .. v= 3 gh 


Q. 14. A constant force BS (- i42 jt 3 R) N acts on a body. Calculate the work done in the 
following cases (i) when the displacement is 4 m along Z-axis and (ii) when the displacement is 3 m 
along Y-axis. 

> ee ^ 
Ans : (i) The displacement is S 24K 
22 
Work done, W=F-S=(-?+2)+3h):4h=12 joules 
(ii) In this case displacement is g ES d 
> 
4 Work done, W=F:S=(-1+2)+3k)-3jJ=6J 
Q. 15. A particle is projected with kinetic energy k at an angle of 45° with the horizontal. What 


will be its kinetic energy at the highest point of its trajectory ? 


Ans : Let the particle is projected with a velocity u. So, its initial kinetic energy K= zm j 


Now, horizontal component of u is u, =u cos0 2 u/ 42 [ 0 = 45? ] and if vertical component is 
uy = u.sind =u/¥2. At the highest point u ie 0. But the horizontal component uy remains constant. 
e z duces Sel 2 eile ud ead, 
So the Kinetic energy at the highest point is E = 3"! 5 my 7 
Q. 16. A particle starting form rest is descending along a vertical circular path of radius r. When 


1 
the particle descend T of the total circular path. What will be its velocity ? 


Ans: Increase in kinetic energy is equal to loss in potential energy. 
imé =mer o u- A2gr It is the required velocity. 
Q. 17. A body of mass m is lowered by a rope with an acceleration g / 4. If its descends by a 


distanee d, how much work is done ? 
Ans : Initial velocity is u = 0. 
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Work done — gain of kinetic energy = loss of potential energy. When the body descends with an 


acceleration g/4, its effective weight, W'- m ( g- 2) = inr À 


3 
Loss of potential energy = W'd = - 48d ~<. Work done CU 


Q. 18. The momentum of a body is Es by 100%. What is the percentage change is kinetic 
energy ? 
Ans : Let the mass of the body be m and its initial velocity v. 


Initial momentum, P = mv and initial K. E. = fm? Final momentum, Pj = 2P = 2mv 


2 
RÜ _ 4m? 2 
2m 2m 


. Final K. E., E= 


1f 
E= (im )x 4=4E  . Kinetic energy increases 300 %. 


Q. 19. Two blocks of mass M and 2M have equal momentum. What is the ratio of their kinetic 
energies ? 
Ans: Let the velocities of the two blocks be V, and V}. Then by question MV, = 2MV, 
SERV TESDMAI cus eit et cie o, c E ere meee © 
2 
: ici IN es sas vec 
The ratio of their Kinetic energies is Ec CREE 
2 3x2Mv 
2 2 
EX BP TANE 
pe UE Mud peau HM M ZELS2: 
mote iem 2 o REDE df 


Li 
Q. 20. The blocks of masses M and 2M have equal kinetic energy. Calculate the ratio of their 
linear momenta ? 
Ans : Let the velocities of the two blocks be V; and V5. 


1 
Then by question, MV,? = 42 Mv 2 V=2V2? 000. â) 
P MY, | E p m 1 
E 5 iy cls e MD 1 xdi = ^ OTEA 
Now the ratio of their momenta is P, 2MV; 2 Ww ;* DSE TR Pj=: 42 


Q. 21. Potential energy of particle executing simple harmonic motion V(x) = 3 lg. ; Here kisa 
constant and x is the displacement from the mean position. If the total energy of ue particle be 1 J 
and k = 0-5, show that the amplitude of oscillation of the particle is +2 m. 

Ans : In the case of simple harmonic motion sum of K. E. and P. E, of the particle is constant. At the 
maximum displaced position, kinetic energy (K. E.) is zero. 


Let when the displacement es the mean position is x then the velocity of the particle is v. Then its 


total energy E=K.E+P.E= zm? += l zh [ m = mass of the particle ] 


Now, when the gaia is M to amplitude, v = 0. 


See eae = [PE a xi 
E=7ha a= P AS +2m 
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1 
Q. 22. A uniform chain is placed on a horizontal table so that — of its length hangs below the 


table. If length and mass of the chain be L and M, calculate the work done to lift the hanging part 
on the table. 


: É M 
Ans : Length of the hanging part is yn and its mass 4 The centre of gravity of the hanging part 


E 
is at a distance z below the table. So, the work done to raise the hanging part on the table is 


Q. 23. A body of mass m initially at rest starts moving with a uniform acceleration and it 
acquires a velocity v, in time ¢,. (i) How much work is done on the particle ? (ii) Calculate 
instantaneous power of the body as a function of time. 


Ans : (i) Work done on the body is equal to its change of kinetic energy. As the initial velocity is 


zero, work done on the body is equal to its final kinetic energy. .. Work done on the body = i m? 


work done _ mv? 

time 2t 

Q.24. A ball is dropped from a height of 2 m on a floor and after impact with the floor, it rises 
to a height of 1-5 m. What fraction of initial kinetic energy is lost due to impact ? 

Ans : Velocity of the ball just before impact with the floor is v 2 mgh 

Energy of the ball just after impact, U = mgh^ ~. loss of energy = mgh — mgh* 
U-U' 1 mgh- meh! -bzh 2-15 

U 


(ii) Instantaneous power of the body, P= 


aa X) h m Rcs 


Q. 25. A spring is elongated by a distance of 10 cm. Its potential energy is 56 J. What is the force 
constant of the spring ? 


Fraction of initial energy lost, x = 


Ans : Energy of a spring of force constant k when it is extended by x is E =} k? 


k=% 2X% 112x10 N/M=1:12x10fN/m 
ACOH 
Q. 26. What quantity we get from the slope of work-time graph ? "n 
Ans : The slope of the work-time graph denotes the instantaneous power of the machine which performs 
work done in a certain time interval | F: AS _ Fy 
time interval At 

*. Slope of the graph (P) = instantaneous power 

Q. 27. A motor car is driven along a horizontal road by applying a constant force. If the car 
starts from rest, show graphically the variation of (i) K. E of the car with time and (ii) variation of 
power with time. 


work. The slope of the graph is P= 


Ans : Let m be the mass of the car and its constant E% P 
acceleration due to the constant force is a. | 
So, the velocity of the car often t sec is v = at 


1 1 
*. Kinetic energy of the car, Ej = 5m = 5 ma?t? 


: 2 
n E,at : : M me eig 
So, (E, —¢) graph will be parabolic [ Fig14.23 (i) ] (i) Fig. 1423 (il) 
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; TA ER 
Again, power of the engine p rae iE 
So Power - time (P-t) graph will in straight line [ Fig. 14.23(i) ] 
Q.28. Kinetic energy of a body increases by 21%. What is the percentage increase in linear 
momentum ? 
Ans: Let m be the mass and v, and v; be the initial and final velocity of the body. 


*. Initial K. E. =4mv? and final K. E. -imj 


11 
*, By question, im -1213m => 2 =g” 


Initial momentum is P, and final momentum P5 


gt gels aid 
II P, 10 


P-P 


*. Percentage increase of momentum = x100= E x100=10% 


Q. 29. A car is drive along a straight road by an engine having constant power, show how the 
displacement varies with time ? [ J. E. E. 1989 ] 
Ans : If P is the constant power of the engine then, 


P = force x velocity = Remo ssh say aE 
? dt m 
*. Integrating, MeL +C [C= constant of integration ] 
2 
Avus e cC mm ror. ves 
oum m 
48. 2B Jp. dg42E Jt dt 
dt m m 
. integrating, s= 72.1? x$«C [ C, = constant of integration ] 
Now, att=0, S20 ~. C,=0 


Sc PP sro: (3 
3 Vm 
€ MISCELLANEOUS PROBLEMS e 


Example 14.26: A ball of mass 10 kg is projected vertically upwards with a velocity of 250 m 
/s. It rise to a height of 3 km. (a) How much work is done against friction ? (b) With what velocity 
will it strike the earth after it comes down ? 


Solution : (a) Initial potential energy E 20 
1 


1 1 
and initial Kinetic energy, Ej, T0 -3x10x(250)* =3-125x10° J 
at the maximum height potential energy Ep, =mgh = 10x9.8x3x10? 22.94x105 J 


and at this position kinetic energy, E, =0 
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So work done against friction, W, total initial mechanical energy — total final mechanical energy. 
W, 23:125x105 2-94 x 10° = 0-185 x 10? J 
(b) As the ball comes back to the earth, it will lose same amount of energy due to friction. The rest of 
the energy will be wholly kinetic when it reaches the earth. So if v be the velocity with which it strikes the 


ground then, +x 10x y? =2-94 x 10° — 0-185 x 10° = 2-755 x 10? 


v242-755x2x10* =235 m/s 


Ex. 14.27 : A uniform chain of length 4 m is held on a smooth horizontal table so that 1 m hangs 
below the table. If the chain is released from rest, find the velocity with which it leave the table. 

Solution : Let m be the mass per unit length of the chain. Initially 1 m length of the chain hangs below 
the table. So the position of centre of gravity of the chain is 0-5 m below the table. So, the initial potential 


energy of this hanging part is Ep --mgx0.5- E mg 


When the chain is about to leave the table, the position of centre of gravity of the chain is 2 m below 


the table. So, the final potential energy, Ey 7-4mgx2-—8mg 


^ loss of P. E. = E, -Ep =~ mg- (-8 mg) =7-5mg 
Now if v be the velocity of the chain when it leaves the table, then its kinetic energy, 


E, I =2mv? s 2my? -75mg 


if dS EN LE 6 =6-06 ms"! 
Ve E z «9:6-6.06 ms 


Ex. 14.28 : A car of mass 2000 kg moving with a velocity of 10 m /s is brought to rest by 
applying brake within 12-5 m . What is the average opposing force on the car ? 

If the frictional force be 200 N, what power the engine of the car has to exert so that the car will 
move up an inclined plane of inclination 1 : 10 with the speed of 10 m/s ? g = 10 m/s” 

Solution: 1st part : Let the average opposing force — F (N); then by the principle of conservation of 
energy. 

Work done against the force = initial kinetic energy of the car 


Rye ene m = 2000 Kg 
2 v 210 ms! 


2 
mv _ 2000x100 _ Ses 
Dr PRO 


2nd Part : The car is moving up an inclined plane with a constant speed. Now, the force exerted by 


F= 


the engine. F= mg sin 0 + Fs = 2000 x 10x + 200= 2200 N 


. Power of the engine, P = Fy = 2200 x 10 = 22 kw 
Ex. 14.29. Water level in a well is 20 m below the ground level. A man is raising a bucket full of 
water by pulling a rope tied to the bucket. There is a small hole at the bottom of the bucket through 
which water goes out. When the bucket is raised it is found that half of the bucket is empty. If the 
bucket when full of water weighs 20 kg. Calculate work done. g = 10 ms? 
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Solution : When the bucket is raised above the well it weighs 10 kg. 
*. Loss in weight = 20 kg - 10 kg = 10 kg 


0 
. Loss in weight per metre == 0-5kg/m 
3 
Now the weight of the bucket x metre above the water surface in the well = (m 3 i g 


x 
*. Work done for small upward displacement dx is dw- (20 Se ips 


2 x 20 1 20 
` Total work done, W= J(n- 3e pides por 


1 2 20 
zn REI = 300g = 3000 J 
10 


Ex. 14.30 : A block of mass m is sliding down from the top of an inclined plane of inclination 9. 
Length of the inclined plane is / and coefficient of friction is p. What will be its velocity when it 
reaches the bottom ? 

Next the block moves on a similar horizontal surface. At what distance along the horizontal 

Q C surface, the block will stop ? 

Solution : The block is sliding down from the point C 
of the inclined plane. Different forces acting on the block 
I sin 0 On the inclined plane are shown in fig. 14.24. Let v be the 

velocity of the block when it reaches the bottom. So its 
| velocity when it reaches the horizontal surface is also v. 
So, potential energy of the block at the top of the plane 
= work done against friction along the inclined plane + 
kinetic energy of the block at the point A 


mg (lsin 0) = mg cos 0-17 mv? vi v = [2g (sin 6 — p cos 0) 


The block starts moving along the horizontal surface with the initial velocity v. If it travels x along the 


mg Fig. 14:24 


plane then, in =u mgx 
1 S 
z” 28l (sin0-pcos6)=u mge -. x = (5in0 -p cos 0) 


Ex. 14.31 : From the top of a sphere of radius R a small body of mass m is sliding down from the 
top along the surface of the sphere. If the potential energy at the 
top of the sphere be taken to be zero, calculate (i) change of 
potential energy with angular displacement, (ii) change of velocity 
with angular displacement and (iii) at what angular displacement 
the body loses contact with the sphere ? 

Solution : (i) The situation is shown in fig 14.25. When the angular 
displacement is 0, the different force acting on the body is shown in 
fig. At this position, the vertical displacement of the particle is AB. 

loss of P. E. of the body, E, = — mg (AB) 


E, =- mg (OA - OB) =- mg R (1 — cos 0) Fig. 1425 


compression of the spring. 
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(ii) Increase of kinetic energy is equal to loss in political energy. 
So, kinetic energy at C, E, = mgR ( 1 - cos 6 ) 


1 
>™ -mgR(l-cos0) ~. »?-2gR(l-cos0) +.  v-.2gR(ü-cos0) 
(iii) Now, considering equilibrium of the body at C we write 
2 
mg cos0- T N [N= Normal reaction of C ] 


2 
when the body loses contact with the sphere mg cos 0 = A = T 2gR (1- cos) 


cos0-2(1-cos0) ~. cos 0= = $ a= cos" 2) 


Ex, 14.32: A block of mass 2 kg is dropped from a height of 0-4 m on a vertical spring kept on 
a table. If the force constant of the spring be 1960 Nm 7-1, calculate maximum [7] 
i) 


Solution : Consider the fig. 14.26. The block of mass m is dropped from a height 4 t 


on the vertical spring from a height A. Force constant of the spring is k. When the block 57777777 * 
falls on the spring, if its compression be x, then vertical fall of the block is = h + x. x 
Then from the principle of conservation of energy we get -—— 
Elastic potential energy of the spring due to compression = loss of potential energy 
of the block. 
lg? mg (h +x) s. kx? - 2mgx-2mgh =0 m=2Kg 
2 h 204m Fig 1426 


2 2,2 
"ng vam g + 8mghk mg tym g'*2mghk | , = 1960 Nm"! 
2k k 25 
g —-9.8ms^ 
2x 9-84 (29:8) 4 2x2x9:8x0-4 x 1960 
SS —— ea E 


1960 
Ao 0x201m-10cm 
Ex. 14.33 : A bullet of mass 0.01 kg moving horizontally with a velocity of 500 m/s strikes a 


wooden block of mass 2 kg suspended by a string of length 5 m. As a result the centre of gravity of 
the block rises by 0.1m. Calculate the velocity with which the bullet leaves the block.[Roorkee 1990] 


Solution : The situation is shown fig. 14.27. Let m be the mass 


NEN and u be the initial velocity of the bullet. After impact the velocity 
Eos of the block is V and that of the bullet is v. Now by the principle or 
FORS conservation of momentum 
i ` 
4 Nin mu + 0-2 my + MV [M = mass of the block ] 
eques p - mismo MV er E sil 
i Xm After impact, let the block rises vertically by /i, then by the 
m ot no y principle of conservation of energy, x 
u 
Tig ue lMvi-Mgh c ve dagh - 2x 9:8x01- 1-4 ms! 
Now from equation (i, 0-01x500=0-01xv+2x14 ~<. v=220 ms 


So, the final velocity of the bullet = 220 ms 


Phy (D—21 
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Ex. 14.34: A solid ball of density equal to half the density of water is dropped from a height of 
19-6 m on water. It falls freely and enters into water. How far will the ball go into water ? After 
what time, will the ball return to the surface of water ? Neglect all types of friction. [ Roorkee 1991] 


Solution : Let m and p. be the mass and density of the ball. So the density of water is 2p. 

Kinetic energy of the ball just before hitting the water is. E, = mgh =m x 9-8 x 19-6 Joules 

Now, inside water net upward force is F= 2 —mg=mg=9-8m(N) 

If the ball goes a distance x inside water then by the principle of conservation of energy. 
mx98x196=9:8m-x x. x= 19:6 metre 


Next, if the'ball enters water with a velocity v ms~! then 


i» =mgh — s y=2x9-8%196 2 19-6ms"! 

If t be the time taken by the ball to move the distance 19-6m inside water then, by the relation 
v=u+at “| 0,21906—9:8t ru (22sec 

So, the time after which the ball returns to the surface is T = 2 + 2 = 4 sec 


Ex. 14.35: The mass of a pendulum bob is 10? kg. It is pulled on one side to a height of 5 x 
107? m and then released. At the lowest point it combines with a mass 10-3 kg. How much will it 


rise in the opposite direction. [ Roorkee 1995 ] 
NSSSSSNNN Solution : Consider the fig. 14.28. The pendulum bob is 
Ae AN. raised from B to A at a height H. So its potential energy is 
L 
9 ] x When it returns to B, its velocity is v, 
" S 
^ 1 ^ 
M Ay ! dn M+m So jm? =mgH .. v242gH noD (i) 
€ 1 
H ys i d h At the lowest point B, let the bob combines with a mass 
cacti BIST euie rr. VO * m and then moves with a velocity v. So, by the principle of 
Fig. 14-28 conservation of momentum, (M + m) yam n y= My 
M+m 


Let the combined mass rises to a height h. Then im +m)v,? = (M +m) gh 
LET MIC MONH LC MOM 
?8 28 (Mem) 28(M*m) (Mim)? 
p- 107 x 5x10? 
E 2 
(10? +107) 

Ex. 14.36 : The length of a pendulum is / and mass of the body is M. 
A bullet of mass m strikes the bob horizontally with a velocity u and 
leaves the bob with velocity 4/2. What should be the value of u so that 
the bob be able to describe a circle ? 


Solution : The situation is shown in fig. 14.29. Let after impact, the 
initial velocity of the bob be v. Then by the principle of conservation of. 


—-0.041m -4.1cm 


mu 
momentum, mu = EN +Mv 


_ mu 


Y—»AM tov me (i) 
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Let vj be the minimum velocity of the bob at the highest point B so that it many remain in the circle. 


Th My? es 
en 7 =Mg => v, = vel AU Motori arses (ii) 
Now by applying conservation of energy at A and B we write, 
1 1 
zM” -Mg-2l4 zM? - v? =4g1+ v2 =5gl [ by equation (ii) ] ` 
*. From equation (i) 4 A, = 2M [fgl 


Ex. 14.37: A boy having mass M standing on a horizontal smooth surface of ice throws a ball 
of mass m horizontally. If S be the separation between the boy and the ball after a time ¢, calculate 


the work done by the boy at the time of throwing the ball. [ J. E. E. 2001] 
Solution : Let v be the velocity of projection of the ball and V be the velocity of recoil of the boy. 
Then by the principle of conservation of linear momentum MV = mv....... (i) 
In time t, the ball moves a distance S, = vt and during the same time the boy moves a distance, 
S 
SEES NS Sc-Sy*Spm(V- tX) repre ay LUN Uds IU EA (ii) 
Now initial kinetic energy of the ball, E; => mv? 
Sud sse puc eG y 
Also, t M 9 M OF li) M+m 
S My m S m 
== — = V=|= 
Again t Mem v) on (4 


2 2 
POAT 1 e i m 
E9-—MV^-— =|. 
Kinetic energy of the boy, E2 2 2 M (i ) e ^i -| 
Work done by the boy, E = E, + E, 


1 (5) mM? Mm? | 1 (5) mM 
A od A loser ERAS SERERE err om 

(Mem) (Mem) | 2 

Ex. 14.38: A block of mass 5 kg is attached to a belt which passes over 

a fixed pulley. At the other end of the belt a spring is connected. The pulley 

consists of circular disc of mass 15 kg and the force constant of the spring is 

600 Nm-!. The block is depressed by 5 cm and then released. Calculate 

maximum velocity of the block. 


Solution : Consider the fig 14.30 xy —5 cm. Initial energy of spring 
1 à 

= zv 
Let v be the velocity of the block at a distance x from the rest position. Then 


the total energy of the system is E = Kinetic energy of the block + rotational 
kinetic energy of the pulley + potential energy of the spring. 


ERE +410? 42 Kx? 
2 2 2 


Fig. 1430 
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y P 
Here I = moment of inertia of the pulley and @ = its angular velocity = e and r — radius of the 
pulley 


t| 


2l. 02405029 NE 
kg mv *31o tok 


2 
600 (5 1072)? = 5y2 tix 15-r? BEL 
r 


12-5v? = 600[25x 107$- x?] ~. v? 2 48[25x 1074 -x?] 
velocity will be maximum when x = 0 
v =48x25x 1074 = y=34-64 ms! 


A. Short answer type questions : 


1. Define work. When is work done by a force is position or negative ? [ H. S. 2003] 
2. Explain whether work is a vector or a scalar. [ H. S. 2001] 
3. Earth rotates round the sun in circular orbits due to the force exerted by the sun on earth. Is the sun doing 
any work due to this motion ? Explain. [ H. S. 2002 , J. E. E. 1987] 


4. What you mean by work done by the force and work done against the force ? A person swims against the 

water current, but he remains at the same position with respect to the shore. Does the man perform any work ? 
[ H. S. 2000] 

5. Force and displacement are both vectors. But work is a scalar. Explain the reason. 

6. Work done by the force and work done against the force — which work is positive and negatiive ? Give 
examples. 

7. What is meant by no-work force ? Give two examples. 

8. A car is moving along a straight horizontal road at constant speed. Is any work is done on the car ? 

9. A body of mass m moves with a kinetic energy E. Show that its momentum is ame 


10. The kinetic energy of a moving body increases by 21%. What is the percentage increase in momentum ? 


[ Ans. 10%] 
percentage increase in kinetic energy? [Ans. 400%] 
h exerts constant power. Show how the displacement - 


dy 
of the car is related to time ? Obtain the relation [ Hints : P = Fy = vm— | 


11. Momentum of a body increases by 200%, What is the 
12. A car is driven along a straight road by an engine whic! 


m LJ. E. E. 1989] 
le ) on a body is equal to change of kinetic energy 
[ J. E. E.. 1993] 
h work is done ? 


[ Ans. 147J] 
15. Two springs have force constant K, and K, ( Kj > K, ). On which spring more work is done (i) when 


they are extended by the same amount and (ii) when they are extended by the same force ? 


13. Show that the work done by force ( constant or variab 
of the body. 


14. A body of mass 1 kg is raised to a height of 5m by a constant force of 3 kg. How muc! 


[ Ans. (i) first spring (ii) 2nd spring ] 
then explain whose kinetic energy is greater 
[ Ans. K. E. of bullet is greater ] 
h work will be done to compress 

[ Ans. 58:8 J] 
mains stationary with respect to the shore. 


16. A bullet is fired from a rifle. If the rifle recoils freely, 
between bullet and the rifle. 

17. A force of 29:4 N is required to compress a spring by 1 cm. How muci 
the spring by 20 cm ? 

18. A person is swimming against the river current such that he rej 
Does the man perform any work ? 


19. A block of mass M is lowered vertically by a rope tied to it with an acceleration g/4. If it is descended by 


a distance d, how much work is done by the rope at the block ? Is 2 Med ] 
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20. A body is moving along a horizontal surface. Does the force of gravity perform any work on the body? 
Explain. 

21. A light and heavy body have same momentum. Whose kinetic energy is greater ? 

22. A light and heavy body have same kinetic energy. Whose momentum is greater ? 

23. A truck and a motor car are moving with equal kinetic energy. They are stopped by equal opposing 
forces. Which one will stop in shorter distance ? 

24. Two boys are playing with a ball. Is the velocity of the ball affected by the velocity of the train ? 

25. What we mean by conservative and non-conservative forces ? 

26. Show that gravitational force is conservative and frictional force is non-conservative. 

27. Show that work by the tension of the string of a simple pendulum is zero. - 

28. How much the power of a pump be increased so that its rate of raising water becomes double ? 


29. Show that, when a body of mass m falls freely, its loss of P. E. in t the sec is Ing (21-1) 


30. The three sides of rectangular parallelopiped are 1, 21 and 41. At what position it will be most stable ? 

31. A block of mass m is projected up an inclined plane of inclination œ with a velocity vy. The coefficient of 
friction between the block and the plane is u. To what distance it will go along the plane ? What is the work done 
by friction ? [Ans: s= yw / 2g (sina + it cosa); ] 


32. What quantity does the work-time graph represent ? 
33. A car is driven along a straight road by a constant force. If the car starts from rest show (i) variation of 
kinetic energy with time and (ii) variation of power with time. 


B. Essay type questions : 
1. Difine kinetic energy and potential energy. Show that kinetic energy of a body of mass m moving with a 


velocity v is $7”. [ H. S. 2001, 2002] 
2. Obtain the relation between horse power and watt. [ H. S. 2001] 

3. Show that mechanical energy of a body sliding down freely in a smooth inclined plane is conserved. 
[ H. S. 2003] 


4. Two perfectly elastic discs A and B are being K time heavier than the other are placed on a smooth 
surface. The disc A is made to move towards B with a velocity u and makes a head-on collision. Apply the 
conservation law to find out an expression for the fraction of KE of A transferred to B. Also show that the value 
of this fraction is the same whether B is K times as massive as A or vice versa. 

5. What we mean by work, power and energy ? Define their units in different systems. Obtain the relation 
between (i) erg and joule and (ii) foot pound and joule. 

6. (a) What we mean by ‘work done by the force and work done against the force ?' 

(b) A particle of mass m is moving with a velocity v. Obtain the expression for its kinetic energy. 
(c) Show that the total energy of a body falling down a rough inclined plane is always constant. 

7. (a) State the principle of conservation of mechanical energy. Establish this principle for a freely falling 
body. 

(b) Prove the principle of conservation of energy for a body falling down a.rough inclined plane. 

8. (a) What is kinetic energy ? Show that work done by force on a body is equal to its change of kinetic 
energy. 

(b) Give the names and definitions of practical units of power in different system of units. 
(c) Obtain the relation between horse power and kilowatt. 

9. (a) Under what condition work done by a force is (i) positive (ii) negative and (iii) zero. 
(b) What is a no-work force ? Give examples. E 3 
(c) State work-energy theorem. Prove this theorem for a variable force. 

10. A body is sliding down a rough inclined plane. Calculate its kinetic energy at any instant. Does the 
mechanical energy remains constant in this case ? 
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11. (a) What is meant by work done by a couple ? Obtain its equation. 
(b) What is the difference between work and torque ? 
(c) When a helium gas filled balloon moves upwards, both of its kinetic energy and potential ` energy 
increases. Is the principle of conservation of energy violated here ? 
12. | Apply the land of conservation of energy and momentum to show that during elastic collision of a body 
of mass M with another of mass KM the energy lost by the former for head-on collision in maximum when K - 1. 


C. Simple numerical problems : 
1. When a force of F Newton acts on a body, it is displaced by 2 m in the direction of the force. If 106 erg 
work is done, calculate the value of F. [ Ans. F=0:05 N ] 
2. A block of mass 200 kg is dragged along a horizontal surface by a distance of 80 m. If the coefficient of 
friction between the block and the surface be 0:25, Calculate the work done g = 9:8 m/s [ Ans. 39:2 x 103 J ] 
3. A body of mass 100 gm is dropped from the top of a tower of height 100m. Calculate (i) Kinetic energy 
and potential energy 1 sec after the body was dropped. (ii) Kinetic energy and potential energy when it is about 
to touch the ground. g 2 9:8 m/ s? [ Ans. (i) 4-802 J; 93-198 J (ii) 98 J, 0] 
4. A particle of mass 5 gm is moving along a straight line with a velocity of 10 cm / s. A force of 10 /2 
dyne is applied to it at an angle of 45° to the Eun of motion. Calculate the change in its kinetic energy after 1 
sec. : [ Ans. 120 ergs] [ H. S. 2003] 
5. A body of mass 10 "a is dragged along a rough horizontal surface through a distance of 5 m by a rope 
inclined at 30° with the horizontal. How much work is done ? The coefficient of friction between the floor and the 


body is 0:25. [ Ans. 107 J] 
6. A boy of mass 20 kg carrying a box of mass 2-5 kg climbs the roof of a house 18m high in 1:5 min. 
Calculate the rate of doing work by the boy. [ Ans. 44.1 watts ] [ H. S. 1982] 
7. Kinetic energy of a body is 100 J. To stop the body a force of 10 © dyne is applied to it, Calculate the 
distance travelled by the body before it stops. [ Ans. 10 m ] 
8. A chain of length / and mass M is resting on a horizontal table with 1 / 4 of its length below the table. 
How much work is done to pull the hanging part on the table ? [ Ans. Mg/ / 32] 


9. The length and height of an inclined plane are 1m and 0:5 m respectively. A body of mass 10 g is to be 
raised from the bottom to the top of the inclined plane at constant speed by a force applied parallel to the plane. 
How much work is done? g = 9:8 ms? [ Ans. 4-9 x 105 erg ] 

10. In the above problem 9, if the surface of the plane be rough and the coefficient of friction be 0:25, 
Calculate the work done. [ Ans. 70:217 x 10* erg ] 

11. A man of mass 70 kg can climb to the top of a ladder of length 6 m in 12 sec. What is the power of the 
man?g-9:38ms-2. [ Ans. 346 watt ] 

12. When a force F is applied to a body of mass m initially at rest, its velocity becomes v after a time t. Show 

2,2 
that the kinetic energy of the body is c 

13. A body of mass 10 kg is projected vertically upward from the top of a tower of height 10 m. What will be 

its kinetic energy when it is about of touch the ground ? [ Ans. 1000 J ] [ J. E. E. '94] 
14. A car of mass 1000 kg is moving up an inclined plane of inclination 1 : 50 with a constant velocity of 40 
km / hr. If the coefficient of friction between the car and the road be 0:3 calculate the power of the engine of the 


car. mE HET [ H. S. 2000] 
15. A body capable of moving along z-axis is acted upon by a force T =-i jd ij 4 m N. If the displacement 
along z-axis by 4 m, how much work is done on the Ben ? [ Ans. 127] 
16. A body of mass 50 gm is moving with a velocity y v= 2i * 67 cm/s. Calculate its kinetic energy. 
[ Ans. 1 J ] 


17. The length and height of an inclined plane are respectively 5 m and 3 m. How much work is done to 
transfer a body from the bottom to the top of the plane at constant speed ? The plane is smooth and the force is 
applied along the plane. [ Ans. 294 J ] 

18. Two particles of masses 1g and 4 g have equal kinetic energy. Calculate the ratio of their linear momentum. 

à [ Ans. 1:2] [EI T.] 
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19. A body of mass 2 kg is made to move with a constant velocity of 2 ms~! along a rough horizontal surface. 
If the coefficient of friction between the body and the surface be 0:2, how much heat will be produced after 5 sec 


? Given J 2 42 J/ Cal and g = 9:8 ms~. [ Ans. 46:66 cal ] [ I. I. T. 1980 ] 
E 

20. The velocity of a moving particle of mass 100 g at any instant during his motion is y = 37 m 5; cm/s. 

Calculate the kinetic energy of the particle. [ Ans. 1-7 J ] 


= ^ ^ = n A 
21. The velocity of a particle of mass 2 kg changes from v, 22i 3j to ¥)=(-3/+5k) . Calculate the 


change of kinetic energy of the particle. [ Ans, 21 J ] 
22. Acceleration due to gravity on the earth's surface is g. How much work is done to raise a body of mass m 
from the surface to a height equal to the radius of the earth R. [ Ans. i mgR | [LI I. T. 1983] 
E A bomb of mass 12 kg breaks into two pieces of mass 4 kg and 8 kg. If the velocity of the larger piece be 
6 ms~!, calculate the energy of smaller piece. [ Ans. 288 J ] 
24. A man of mass 60 kg can raise a load of mass 25 kg to a height of 10 m in 3 min. How much work is 
done by the man in 1 sec ? What is his efficiency ? g = 10 m s? [ Ans. ES J/s; 20%] 


25. A hammer of mass 5 kg is dropped on a nail from a height of 0-5 m. On hitting the nail it stops in 0.1 sec. 

How much force acts on the nail ? [ Ans. 20:95 kg-wt ] 

26. A body of mass 10 kg is raised to a height of 10 m by a force of 196 N. Calculate work done by the force 
and work done against gravity. Show that conservation of energy is not violated here. 

[ Ans. 1960 J, 980 J, K. E = 980 J] [ H. S. 2002] 

27. A body from its rest position starts moving with uniform acceleration. After a time t, it acquires a velocity 


T2 
L mv? 
y. Prove that work done after a time T is V SX 
t 


28. A body of mass 1 g is sliding PR a rough inclined plane. The frictional force is 0:2 times the normal 
reaction. If the angle of inclination be 60°, calculate acceleration of the body. When the body descends | m down 
the plane what will be the total change of kinetic energy and potential energy ? [ Ans. 7:5 m/s? ; 9:8 x 1074 J ] 

[ Hints : change of K, E. and P. E. = work done against friction ] 

29. A loaded lorry with engine off comes down an inclined plane of inclination 1 : 40 with a constant speed 

18 km /-hr. What power the lorry has to exert so that it can go up the inclined plane with the same speed ? 
[Ans. 16:42 HP] [ J. E. E. '87] 

30. A pump of a fire engine lifts 110 Ibs of water per sec from a reservoir 7 ft below the ground level. The 
water hits a wall 25 ft height with a speed of 16 ft/s. Find the power of the engine. g= 32 ft / sec?. 

[ Ans. 7:2 HP] [ J. E. E. '91, *99] 

31. A pump can raise 1000 litres of water to a height of 50 m in 10 minute. Calculate the power of the engine. 

[ Ans: 1:1H.P. ] 

32. Due to the application of constant force on a body of mass 1 kg the velocity of the body changes from 5 
cm/s to 20 cm / s in 5 sec. Calculate the applied force and work done on the body. 

[ Ans. 3000 dyne; 1:875 x 10 5 erg ] 

33. When a bullet is fired from a rifle show that the K. E of the bullet is greater than the kinetic energy of the 
rifle. 

34. A bullet of mass 25 gm enters into a wall Vus a velocity of 500 m/s and it leaves the wall with the 
velocity of 100 m/s, Calculate the heat produced in the wall. [ Ans. 720 cal ] 

35. A body of mass 1 kg strikes a horizontal spring fixed at the other end. The spring is found to be compressed 
by 4m. The force constant of the spring is 2 Nm’! and coefficient of friction between the body and the floor is 
0:25. Calculate the velocity of the body with which it strikes the spring. [ Ans. 7:18 ms ~! ] 

36. A car of mass 2000 kg is moving with a velocity of 60 km/hr. To stop it by applying brake how much 
work has to be done ? If the opposing force be 500 N, what distance the car will move before it stops ? 

^ [Ans.278 x 10 4 J; 556 m] 

37. A hammer of mass 10 kg falls on a pile from a height of 5 m. If the resistance of ground to the motion of 

the pile be 49490 N, calculate the displacement of the pile into the ground. [ Ans. 1 cm (approx)] 
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38. A man rises to the top of a ladder of height 10m. If the ladder makes an angle 60° with the horizontal, 
how much work is done against gravity ? g = 980 cm / s? [ Ans. 8:487 x 10? J] [ H. S. 1992] 
39. A body of mass 2 kg is descending along an inclined plane having length 10 m and height Im. 
(i) Calculate velocity and kinetic energy of the body when it reaches the bottom. (ii) After descending fróm the 
inclined plane, what distance the body will travel before stopping ? — [ Ans. (i) 3-14 m/s; 9-85 J (ii) 10:05 m ] 
Coefficient of friction along the whole route is 0:05. d 
40. A bullet of mass 100 g is fired from a gun of mass 20 kg with a velocity of 100 m/s. (i) Calculate kinetic 
energies of bullet and the gun. (ii) If the bullet enters into a wood block and penetrates 20 cm into it, calculate 
resistance of wood. [ Ans. (i) 500 J, 2:5 J (ii) 2500 N] 
41. A small car of mass 100 kg is descending along an inclined plane of inclination 1 : 20 with a constant 
velocity of 15 ms7!. If the coefficient of kinetic friction is 0-1, what is the horse power of the engine ? If the car 
moves up the plane with the same speed what will be the power of the engine now ? 
- [ Ans. 0:985 HP; 2:95 HP ] 
42. A body of mass 100 gm possesses momentum 200 g-cm s`}. Calculate its kinetic energy. If the body be 
initially at rest and acquires this velocity in 10 sec, calculate force acting on the body. 
[ Ans. 2 x 10 ^ erg ; 200 dyne ] [ H. S. (T) '81] 
43. The length of a simple pendulum is 1 m and mass of the body 100 gm. The pendulum is released from its 
horizontal position. When the string of the pendulum makes 60? with the horizontal what will be its kinetic energy? 
[ Ans. 8:486 x 106 ergs ] 
44. An aeroplane of mass 1000 kg runs 100 m with an acceleration and at the time of take off its spend is 80 
km/hr. If the coefficient friction be 0-2 between the plane in the ground, calculate minimum power of the engine. 
: [ Ans. 100 Kw (approx)] 
45. A stone of mass 1 kg is thrown vertically upwards from a point 8 m above the ground with a velocity of 
2.5 m/s. What will be its K. E when it touches the ground ? g = 9:8 m/s? [ Ans. 81:525 J ] [ H. S. ’80] 
46. Thelength of a simple pendulum is 13 cm and the mass of the bob is 10 gm. The bob is pulled at one side 
toa height of 5 cm and then released. Calculate kinetic energy of the bob when it crosses the mean position. 
[ Ans. 9800 erg ] [ H. S. '91] 
47. The height of an inclined plane is 200 m. A body is dropped along the plane. If its velocity at the bottom 
of the plane be 20 ms~ calculate the fraction of initial energy lost to overcome the force of friction. 


[ Ans. 89-8 96] 
48. A hammer of mass 1:3 kg srikes a nail with a velocity of 5 m/s and the nail enters into a wooden plank 


È 1 
through a distance of 1:2 cm. Calculate average resistance of wood. [ Hints : z” =F.x] [ Ans. F=135N ] 


49. The power of a water lifting pump is 2 KW. How much water per min can be raised to a height of 10 m? 
g= 10 m/s? [ Ans, 1200 kg ] 
50. A pump can raise water at the rate of 0:5 m? / min froma depth of 30 m. If the efficiency of the pump be 
70%, calculate the power of the engine of the pump. [ Ans. 3:5 kw ] 
51. The engine of an electrically driven water pump works at 400 V and 10 A. The pump raises water to an 
average height of 20 m and fills a tank having measurement 5 m x 3 m x 2 m. If the efficiency of the pump be 8096 
calculate the time taken by the pump to fill up the tank. [ Ans. 1:875 x 10? sec ] 
52. A motor car of mass 2000 Ib is moving up an inclined road of inclination 1 : 50 with a constant spend of 
30 mile / hr. If the coefficient of rolling friction between the road and the wheel of the car be 0:03, what is the 
power of the pump ? [ Ans. 8 HP ] [ J. E. E. '98] 
53. The length of pendulum is 50 cm and the mass of the bob is 4 gm. The pendulum is raised to the 
horizontal position and then released. When it makes 60? with the vertical, what will its kinetic energy ? 
l [ Ans. 9:8 x 10* erg ] [ J. E. E. *91] 
54. A sphere of mass 10 kg is projected vertically upwards with a velocity of 250 m/s and it rises to a height 
of 3 km. How much work is done against friction ? What will be its velocity when it reaches the ground ? 
f ; [ Ans. 18:5 x 10? J; 235 ms-! ] 
55. A car of mass 7 metric ton with its engine off comes down a rough inclined plane of inclination 1 : 35 
with a speed of 20 km / hr. What power the engine of the car has to exert to drive the car up the plane with the 


same speed? [ Ans. 29:2 HP ] [ J. E. E. '80 ] 
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56. A small sphere of radius r initially at rest is rolling down the surface of large hemispherical vessel of 
radius R. When it reaches the bottom, what fraction of total energy is converted to translational kinetic energy and 
rotational kinetic energy ? [3185/5 575217] 

57. Wind is blowing at the speed of 20 ms-!. 400 kg of air srtikes the blades of windmill per sec. At what 
rate energy is produced in the mill ? How much water per sec. can be raised to a height of 5 m by the windmill? 
g = 10 ms. [ Ans. 80 KW; 1600 kg s~! ] 

58. A motor car is running along a plane horizontal road with a speed of 80 km / hr. Resistance against the 
motion of the car is 20% of the weight of the car. To keep the speed constant, what power the car has to exert ? 
The mass of the car is 1000 kg. [ Ans. 58:8 HP ] 

59. A car of mass 2000 kg is moving up an inclined plane of inclination 1 : 25. Frictional force is 8% the 
weight of the car. Calculate : (i) work done by the car to travel a distance of 3 km. (ii) Power of the engine if the 
car takes 4 min to cover this distance. [ Ans. (i) 705 x 10 °J (ii) 29:4 kw ] 

60. A bullet of mass 2 gm enters into a wooden piank with a velocity of 500 m/ s and leaves the plank with 
the speed of 100 m / s. With what speed will the bullet leave the plank if its thickness be half of its initial 
thickness. [ Ans. 360:6 ms-!] 

61. A block of mass 5 kg is pressed on a vertical wall with a normal force of 150 N. The coefficient of 
friction is 0-5. What force is required to make the block moving in the following cases : (i) horizontally (ii) 
vertically upward (iii) vertically downward. g = 9:8 m/s?? [ Ans. (i) 75 N; (ii) 124 N (iii) 26 N ] 

62. A block is moving down an inclined plane of inclination @ at constant speed. It is projected upward along 
the plane with a velocity u.How far it will go up the plane ? Will it come down again ? 

[ Ans. u?/ 4 g sin 6; NO ] 
63. A truck can go up an inclined planes of inclination 1 : 50 with a constant spend 24 km / hr. If the truck 


exerts the same power at what speed will it came down the plane ? [ Ans. 72 km / hr] 
64. A long iron chain of length ‘I’ is placed on a smooth table with a length ‘a’ hanging below the table. If the 
chain is released from rest, at what speed the chain will leave the table ? [ Ans. "m (° - a?) ] 


65. The wheel of a grinding machine of radius 20 cm is revolving at the rate of 2:5 rps. To sharpen a knife, 
it is pressed in the wheel of the machine with a force of 20 kgf, what is the power of the grinding machine ? The 
coefficient of friction between the wheel and the knife is 0:3. [ Hint : Power = Fy = Nor, N = Normal force ] 

[ Ans. 1821-6 watt ] 


66. To project a body at an angle of 30° with the horizontal 216 J of work is done. If the mass of the body be 


2 kg, after what time and at what distance, it will hit the ground ? g = 9:8 m / s? [Hint: iw? =216 J] 
[ Ans. 1:5 sec; 19:1 m ] 
67. A lift of mass 2000 kg initially at rest acquires a velocity of 4 m/s when rises by 20 m. If a constant force 
of 20 kg- wt acts on the lift what is the work done by the lift ? [ Ans. 41 x 1055] 
68. How much power is needed to raise water at the rate of 450 litre per min and throw it through a pipe of * 
diameter 4 cm? g = 9:8 m/s? [ Ans. 868:65 watts ] 
69. The human heart forces 60 c.c of blood in a beat against an average pressure of 12 cm of mercury. If the 


pulse frequency be 72 per minute, calculate the power of the heart. [ density of mercury = 13:6 g/ c.c. ] 
[ Ans. 1:15 watt] 


70. A ball is projected downwards with a velocity vp from height of 10 m. On hitting the ground the ball loses 
50% of its kinetic energy and rises to the same height. Calculate (i) value of vo (ii) if the ball is projected with the 
velocity vo upwards; to what maximum height the ball will rise ? [ Ans. (i) 14 ms"! (ii) 10m] 

LL I T. 79] 

71. An engine can move up an inclined plane of inclination | : n with the maximum speed v. Resistance to 


motion is 77 times the weight of the engine. With what maximum speed the engine can move along a horizontal 


road if the resistance to motion remains same ? [ Ans.(1+m/n)v] 


72. Find the work done in joule by a man weighing 140 kg and carrying 20 kg of load to the top of a ladder: 
16 m long, making an angle of 30 ° with the horizontal. Given g = 9-8 ms. [ Ans. 12544 J ] [ H. S. 798 ] 
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D. Harder numerical problems : £ 
1. A particle of mass m makes a head-on collision ( elastic) with a particle of mass 2 m which is initially at 
rest. Show that the colliding particle losses i th of its energy after collision. [ J. E. E. 2003 ] 


2. A bullet of mass m enters into a wooden block of mass M moving horizontally with a velocity v. As a 
result the block starts moving with the bullet. What fraction of kinetic energy of the bullet will be converted into 


mechanical energy ? What about the rest of energy ? [ Ans. , rest of energy will be converted to heat ] 


3. As shown in fig. 14.31 a small body of mass m is descending the track. At A, the 
track is bent into a circle of radius r. What should be the value of r so that the body will 


5 
be able to go round the circle ? [ Ans. her] 


j MS 4. A bullet of mass M is fired with a velocity of 50 m/s at an angle 0 with the 
Fig. 1431 horizontal, At the highest point of its trajectory, it collides head on with a bob of mass 


3M suspended by a massless string of length Dn and gets embedded" into the bob. After collision the string 


moves through an angle of 120 *. Find (i) angle 6, (ii) the vertical and horizontal co-ordinates of the initial position 
of the bob with respect to the point of firing of the bullet. g = 10 ms? 


-1{ 4 
[ Ans, (i) 87 cos ' s) (i) x2120m, y 245 m] [IL I. T. '88] 


5. A string of length / with a mass m attached at the lower end is allowed to oscillate in a vertical plane. 
When the string 60° with the vertical, the speed of the mass is 2 m / s. What is the tension in the string in 
this position ? When the mass comes to its lowest position, what is its speed ? : 

[ Ans, 8-9 x 10 4 dyne, v = 371-48 cm/s] [ J. E. E. 793] 

6. A small body of mass m is descending from the point A of a hill of height H. At A 
a height A (h <H ) at the point B, the hill is horizontal ( Fig. 14.32). What should be the 
value of A so that the body will touch the ground at a maximum distance from the bottom 


of the hill ? [Ans i-2 xw, SH] H 
7. A spring is elongated by 2 cm by a load of 80 gm. A mass of 600 g is suspended 1 
at the free end. Now it is depressed by 8 cm from its equilibrium position. What is the = hs x 
ig. 14.32 


energy of the system is this position ? 
Calculate also the velocity of the mass when it 4 cm away from the equilibrium position. g 10 m/s? 

[ Ans. 5:78 x 10 8 erg, v = 566 cm/s ] 

8. A uniform chain of length 1-5 m and mass 800 g is placed on a rough horizontal table with a part of its 

length hanging below the table. When the length of the hanging part is 1 / 3 of the total length, the chain begins to 

slide down. When whole chain slides off the table, how much work is done ? [ Ans, 1:3 J] 

9. A boy of mass m, standing on a smooth horizontal plane of ice throws a ball of mass ms horizontally on 

the surface of the ice. If x be their distance of separation after a time t. show that the amount of work done by the 


i : healt l x) mm 
boy in throwing the ball is elo» iU [ J. E. E. '93] 


10. The kinetic energy of a particle of mass m is half the kinetic energy of a particle of mass =. If the 


velocity of the heavier particle is increased by 2 m/s, its new kinetic energy becomes equal to the kinetic energy of 
the lighter particle. Calculate the initial velocities of the two particles. [ Ans. 3-24 m/s, 6:48 m/s ] 
11. A block of mass 0:5 kg is raised from the bottom to the top of an inclined plane of height 6 m and 
inclination 3: 5. If the coefficient of friction between the block and the plane be 0:2, calculate (i) work done 
against gravitation over the round trip i.e. for upward and downward motion. (ii) work done by the applied force 
for a upward motion. (iii) total work done by the force of friction (iv) kinetic energy of the block when it reaches 
the bottom. [ Ans. (i) 0, (ii) 37:241, (iii) — 15-68 J (iv) 21:56 J ] 
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12. A shell initial at rest bursts into two fragments of mass 0-4 kg and 4 kg. If the kinetic energy of the 
bigger fragment be 100 J what is the kinetic energy of the smaller one ? E [ Ans. 1000 J ] 
13. An ideal massless spring is compressed by 2 m by a force of 200 N. The spring is pláced at the bottom of 
an inclined plane of inclination 30°. From highest point of the inclined plane a block of mass 20 kg is released and 
it compresses the spring by 4m and comes to rest momentarily. Calculate (i) distance descended by the block 
before coming to rest. (ii) velocity of the block just before reaching the spring. 
[ Ans. @) 817m; (ii) 639 m/s] 
14. A body of mass 4 m explodes into three pieces. Two pieces each of mass m moves at right angle to each 


other with velocity v. How much energy is released due to explosion ? [ Ans. i TEKLI: 87] 


15. Two blocks of masses m, = 2kg and ni; = 5 kg are moving along a straight line in the same direction over 

a smooth surface with velocity 10 m/s and 3 m/s respectively. The block m, follows m». A spring of force constant 
K = 1120 N/m is attached at the back of m;. When there is collision between the blocks what is the maximum 
compression of the spring ? [ Ans. 0:25 m] 
16. A simple pendulum of length 120 cm is drawn on our side. When the string makes 35° with the downward 
vertical it is released. When the velocity of the pendulum bob is 1-2 m/s, what angle will the string make with the 
vertical ? [ Ans. 28?18* ] 
17. Anengine of mass 10? kg is moving up an inclined plane of inclination 5° with a velocity of 100 km/ hr. 
The coefficient friction between the engine and the surface is 0:1. If the efficiency of the engine to convert 
heat into work be 496 calculate amount of coal burned in one hour. Given, 1 kg coal can produce 5 x 10 4 J of heat. 
[ Ans. 9:15 x 10 3 kg ] [ Roorkee 1986] 

18. A body of mass 15 kg is at rest on a horizontal surface. A force F = 5 N is applied on the body. How 
much work is done by the force at Ist, 2nd and 3rd sec of motion of the body. How much power is developed at the 
end of 3rd second ? [ Ans. 0°83 J, 25], 425; 5 W] 
19. Two blocks of masses 8 kg Aon 16 kg are placed on an inclined plane of 


$ 
inclination 30°. The blocks are connected by a string. The system is coming down the A 
plane [ Fig. 14.33 ] The coefficient of friction between the 8 kg block and the plane in Sod 
0-1 and that between 16 kg block and the plane is 0:2. Calculate (i) acceleration of the 
RENE i 3 2. 4-5 A 
system and (ii) tension in the string. [ Ans. 3:5 m/s N] Fig 1433 


20. A bomb breaks into three fragments due to explosion. Two pieces each of mass 
200 gm move in two directions making 120* with each other and each has initial velocity 100 m/s. Calculate the 
magnitude and direction of xps) of the third fragment of mass 500 gm. How much energy is released due to 
explosion ? 
[ Ans. 40 m/s, in the direction of 120° with respect to the first and econd fragment; 2400 J] [ J. E. E. '93] 
21. The total mass of a car is 400 kg and the engine of the car exerts constant power. The car can go up an 
inclined plane of inclination 1: 14 with a speed 5 ms-! and down the plane with the speed 30 m/s. Calculate power 
of the engine. Assume that resistance to motion is proportional to velocity of the. car. [ Ans. 1445 watt ] 
22. Two blocks of mass 2 kg and 10 kg are suspended from a frictionless pulley [ Fig. 
14.34] when 10 kg block is released from rest, what 
will be its kinetic energy when it touches the ground ? M— X — 
[ Ans. 326-7 J ] TET 
23. Asshown in fig. 14.35 the light spring of force : 
constant 10 Nm"! is compressed by 5 cm. The mass m 


Fig. 14.35 


= 250 gm connected to the spring is then released. What will be its velocity ? 


[ Hint : 30»? - 2] [ Ans. 31-6 cns ] 


Fig. 14.34 
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24. A particle of mass m is moving along a circular path of radius R with a speed v. It is given that v changes 
with distance according to the relation v 2 avs ; a is a constant. Calculate acceleration of the particle . 
[Ans. fg" 185 | 
25. A small ball is placed at the bottom of a hemispherical vessel. Now the vessel is rotated about a vertical 
axis passing through its centre with an angular velocity œ. At the equilibrium position of the ball, the line joining 
the ball and the centre of the sphere makes angle of 45° with the vertical. If the radius of the vessel be 1042 m and 
the coefficient of friction between the ball and the vessel be 0:5, calculate the value of œ. Giving : g = 10 ms ES 
[Ans. o-1/43 rad/s] 
26. The bob of a simple pendulum of length 980 cm is drawn on one side. When the string of the pendulum 
makes angle 60° with the vertical, the bob is released. If the bob strikes a body of mass 20 gm at the lowest 
position, calculate the velocity of the bob just after collision. Also calculate the angular displacement of the bob 


s 980 -ı (17 
after collision. Mass of the bob = 10g. [Ans. So / s; 8=cos mS 
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GRAVITATION AND GRAVITY 


TOPICS : Newton's Law of Gravitation ; Defination of ‘G’ some important properties 
of Gravitional force ; Gravitational force from extended bodies ; gravitational attraction between 
sun and its plants ; gravity and acceleration due to gravity ; mean density of the Earth ; 
determination of mass of the sun ; weight of a bodies ; Inertial and gravitional mass ; variation 
of acceleration due to gravity ; laws of falling bodies ; simple pendulum. Planetary motion 
and Kepler's law ; satellites ; gravitation and its intensity ; field and its intensity ; Gravitational 
potential ; Energy of an orbiting satellite ; Escape velocity; weighlessness in orbiting satellite; 
Examples ; Exercise. 


1.1. Introduction : 

Since ancient times, scientists were very eager to know the mistries of stars and planets. In 1543 
Polish scientist Nicleolos Copernicus first pointed out that all the planets including the earth revolve 
round the sun. After Copernicus. Danish Astronometer Tycho Brahe keenly observed the motion of planets 
for 20 years and collected large amount of data regarding the motion of planets and heavenly bodies. In 
1600 Johannes Kepler carefully analysed the Tycho's data and showed that all planets move around the 
sun in elliptical orbits with the sun at one of its foci of the ellipse. He gave three laws governing the 
motion of planets around the sun which are now known as Kepler's laws of planetary motion. But the 
nature of the force influencing the motion of planets round the sun was unknown to him. In an attempt to 
explain Kepler's laws, Sir Isaac Newton put forward the famous law of Universal Gravitation. 

In the previous chapters we studied the kinematics of a body falling freely under gravity of the earth. 
We learnt of a very important property of the gravitations force, namely, that it is a Conservative force. 

The four fundamental forces of nature are : the frictional, gravitational, electromagnetic and nuclear 
forces. The gravitation force happens to be the weakest among them. But at the astronomical level, when 
masses are enormous, the force plays an important role from initiating the birth of a star, controlling the 
orbits of planets to determining the structure and evolution of the entire universe. 

In the universe any two particles attracts each other. This universal force of attraction is called 
gravitation. Planets move round the sun in different orbits due to gravitational force. 


1.2 Newton's law of Gravitation : 

Newton synthesised all the available concepts on gravitaion and put forward the famous law of universal 
gravitation. It states : Any two particles anywhere in the universe attract each other with the force which 
is directly proportional to the product of their masses and inversely proportional to the square of the 
distance between them, the direction of force being along the line joining the particles. 


Two particles m, and m, are at a separation ‘r’ and if the gravitional force of attraction between them 


be F then, à m m, 
F c mm and F œ zx It E 
E Q— —(7) 
combining we get, F oc a —————_ r — 
f Fig. 1.1 
Onur Ge Cae He wel oa Ae (1.1) 
EO 


where ‘G’ is a constant of proportionality and is known as Universal gravitational constant. 
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1.3 (A) Definition of ‘G’ : 


2 
From equation (Lb), G= ac 


So, if m =m =1 and re= 1 then G =F 

Thus, gravitational constant is the force between two particles of unit masses separated by unit distance. 
(B) Dimension and unit of ‘G’ : 

From equation (1.2) we can deduce the dimensional formula for ‘G’ as 


spere Mem os 
BUNC ncm raus 1 DT] 


Unit : (i) In C. G. S. system, unit of ‘G’ is gm cm $? or dyne . cm? gm? 

(ii) In SI system, unit of 'G' is ke! m^ $? or N.M? ke? 

(C) Value of ‘G’: 

(i) In C. G. S. system value of G is 6-67 x 10^ !! kg Ins 2. It means that if two particles each of 
mass | gm are at a separation of 1 cm, they attract each other with a force if 6:67 x 10-8 dyne. 


(ii) In SI system the value of G is 6-67 x 1078 kg "!m?s-?. If meant that if two particles each of 
mass | kg are at a separation of 1 m, they attract each other with a force of 6-67 x 107!! N, 


9 N.B. Gravitational force is much weaker than coulomb electrostatic force. For example, electric 
force between two electrons kept at a separation of 1 cm in air is 2-3x 10719 dyne. But gravitational 
force between them is 5.5 x 10-92 dyne. Evidently electric force is nearly 1048 times stronger. 

1.4. Universility of the law of gravitation 

1. It is applicable to all bodies— big or small. The law is equally applicable to subatomic particles as 
well as celestrial and terrestrial bodies. 

2. It depends only on the masses of the bodies and not on any other properties. Gravitational force is 
not influenced by the state of the body—whether it is a solid, liquid or gas. 

3. Gravitational force does not depend on any of the properties of the medium in which the particles 
are situated. 

4. It does not depend on temperature, magnetic field or any other physical conditions. The value of 
‘G? always remains constant, G is an universal constant like (i) planck's constant (h) (ii) velocity of light 
in vacuum ( C) (iii) electronic charge (e) (iv) Gas constant (R). 


1.5. Some important properties of gravitational force : 


(i) The gravitational force acts along the line joining two particles. So it is a central force A 
(ii) Gravitational force is conservative. For this reason, work done by the gravitational force over à & 
closed path is zero. Work done does not depend on path followed. 
(iii) Like magnetic and electric force, the gravitational force obey inverse square law. 
(iv) Gravitational force is always attractive. It cannot be repulsive. 
(v) This force is independent of the medium. 
(vi) Gravitational force depends only on the masses of the bodies. 
(vii) It is a natural force. It depends on the product of the masses and not on individual mass. 
Example 1.1 : The distance between two spheres of masses 40 kg and 15 kg is 20 cm. If 
gravitational force between them are 0-1 mg, calculate the value of ‘gravitational constant", 
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Solution : From the law of gravitation, F = Ga 


r2 
Gate Here 
mm F= 0-1 mg = 9.8x107 N, 
_ 9:8x1077-« (0-2)? r-02m 
3 402615 m =40kg, m,=15kg 


G=6-54x107!! SI 


Ex. 1.2: Two particles of equal mass'are moving along a circle of radius R due to their mutual 
gravitational force. Calculate the velocity of each particle. 


Solution : The particles moves in such a way that they always 4 
remain at the two extreme points of a diameter. So the force on each 
particle acts along the diameter. So the force on each particle is 


Gm? m m 
T [ m = mass of each particle ]. This force provides the 
necessary centripetal force. 
M 
m? Gm? —. và [Gm Fig. 1.2 
R 4g? in 4R 


1.6. Gravitational force for extended bodies : 

The law of gravitation represented by the equation (1.1) applies only when the masses are very small 
in dimension. But in reality every mass has some extension. For extended objects if the separation is very 
large, we can neglect their dimension in comparison with the distance separating them and consider them 
as point masses..In such a case the masses of the bodies are then assumed to be Concentrated at their 
respective centres of mass. 

But if the separation between two extented bodies is not very large then we have to divide the two 
bodies into point masses and then find out the forces of attraction between every pair of such point 
masses. The resultant attraction is obtained by summing all these forces vectorially. Evidently the process 
is rather complicated. In the case of regular shaped bodies the method becomes very simple. 


For a uniform solid sphere or for a uniform spherical shell, the force of attraction at points outside is 
found to be the same as that due to a particle situated at the centre of the sphere or shell. The particle has 
the same mass as the sphere or shell. Thus for the calculation of force of attraction at a point outside the 
sphere or shell, whole mass is assumed to be at the centre and the distance is calculated from the centre 
upto the point. 

Similarly, to calculate the gravitational force of attraction between two spheres, we assume that there 
are two particles at the centres. The masses of the particles are equal to the mass of each sphere and their 
Separation is equal to the distance between the centres of the spheres. 


1.7. Gravitational attraction between sun and its planets : 


All the nine planets of the sun revolve round the sun in different elliptical orbits which may be considered 
as circular as an approximation. The gravitational attraction between the sun and its planets provides the 
centripetal force necessary for the planets to describe circular motion round the sun. 

As the sun and the planets are spheres we shall assume that their masses are at the centres and 
distance between them is equal to centre to centre distance. So in order to determine the gravitational 


Phy (1)—22 
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attraction between sun and the earth ( a planet ) we regard each of them as a point of equal mass situated 


at its centre. Hence the gravitational attraction between the sun and the earth is 
M, = mass of the earth 


F= GMs Me 
EE = 5.96 x 10” kg 
Ms - Mass of the sun 
=I yey, 30 5. 24 
Fe 6:67 x10 x 1-99 x10" x5-96 x10 SOM ES TAE = 1:99 x 1099 kg 


(1-497 x 1011) ; r — average distance between sun 
and earth = 1-497 x 10!! m 

1.8. Gravity and acceleration due to gravity : 

The force of attraction between any two material objects is gravitation. In particular, the force of 
attraction of. the earth on a body situated near or on the surface of the earth is called gravity. So, gravity 
is the special case of gravitation. Hence Earth's gravitation is gravity. 

Like gravitation, gravity is also mutual. It means that the force with which the earth attracts a body, 
the body exerts same force on the earth. But we observe that if a body is allowed to fall freely, it falls 
vertically downward towards the earth. The earth does not move towards the body. The reason is : the 
mass of the earth-extremely large compared to the mass of the terrestrial body. Any motion of the earth 
under the action of the force is not perceptible. We can show this in the following way : 

Let M be the mass of the earth and m is the mass of the terrestrial body. If the force of attraction 


between the earth and the body be F, then acceleration of the earth towards the body is 4, =E and 
acceleration of the body towards the earth is a, = E 

as M >m, a, << a, 

So, acceleration of earth is negligible and body will fall towards the earth with an acceleration which 
is called acceleretion due to gravity. It is denoted by g. 


9 Acceleration due to gravity (g) : When a body falls downward from a certain height due to 
earth's gravity, it falls with increasing velocity. So due to gravity a falling body 


i t | j possesses an acceleration. This acceleration is called acceleration due to gravity. 
! i 7 j Let a body of mass m is near the earth's surface at a distance r from the 
centre of the earth [ Fig 1.3] So, r=h+R (h<<R) 
ki D 2j According to Newton's law of gravitation, the force of attraction between 
the earth and the body is 
arth _ GMm 
r H= TE A A topo (1.2) 
Facts When M is the mass of the earth assumed to be concentrated at its centre. 
Now, earth's attraction is the weight of the body 
MESES C SUM a nep CUT SM REA PIC VENE (1.3) 
GMm GM 
TBS a5 giia 
r * 


1 
As G and M are constant, 8. ° 32 
So, acceleration due to gravity is inversely proportional to the distance from its centre, 
Now, if the body is on the earth’s surface r = R 
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9 Determination of mean density of the earth : 
If p be the mean density of the earth, mass of the earth is M = i R3p 


G4 4 
From equation (14), 8= >> 37 R3p= 37PRG 


3 i 
at 28, (L5) 


Value of mean density of the earth can be calculated by the equation (1.5). Here 
g-29:8ms?, G = 6.67 x10! SI, R 26400x 1035 


De kas =5-52x103 kg -m 
41x 6:67 x 1071! x 6400 x 10? 
Example 1.3 : If the earth is a solid iron sphere of radius 6:37 x 10* m and having density 7:86 g/ 
c.c., Calculate the value of acceleration due to gravity on the earth’s surface. Gravitational constant 


G = 658 x 10? C. G. S. unit [ W. B. H. S. 2000 ] 


i T i i mie sigs 2 ™pRG 
Solution : The required relation P = RG oS 3 P 


a= x 3-14 x 7-86x 6-37 x 108 x6-58x 1078 


g = 1380-55 cm s? 
Ex. 1.4: Mass remaining constant if the radius of the earth decreases by 1%, what is the 
percentage change in acceleration due to gravity on the surface of the earth ? [ J. E. E. 1998 | 


Solution : If the mass of the earth remains constant, then 


g' R2 


1 Y — = — , 
8 OE ier (0-99R)2 [ R’=0-99R ] 
oa => gzlLl02g 


Percentage change in value of gis; $ P — 0-02 - 296 


1.9. Determination of mass of the sun : 
Assume that the earth is moving round the sun in a circular orbit with a constant angular velocity w. 
To maintain the rotational motion of the earth, gravitational force of the sun on earth provides the necessary 


centripetal force. 


GM, M 
E 2 
2 *2M,o*r 
Here M, = mass of the sun, M, = mass of the earth and r = radius of earth's orbit. 
3042 
ro 
stg eR (1.6) 


2n 


Now if T be the time period of revolution of the earth then, © = T 


4n? r? 
S mop c EC D (1.7) 
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Here, r2 1-5x10!!m, G=6-67x107!!SI, T=365x 86400 sec 


2 ny 
4r? x(1-5x10!!) : 
M, = = kg=2x 10% kg (Approx) 
6-67x10 |! x(365 x 86400) 
1.10. Weight of a body : 
Weight of a body is the force with which a body is attracted towards the centre of the earth. Let a body 


of mass ‘m’ be near or on the surface of the earth. Then the weight of the body is given by 


Mm 
W=G TRU NCC LIEI. (1.8) 
: b _ GM 
Now, acceleration due to gravity on the earth’s surface, 8 = R2 
We age ore a aa en anus (1.9) 


wt. of the body = Its mass x acceleration due to gravity. 


Example 1.5 : Mass and diameter of the earth are respectively 81 times and 4 times the mass and 
diameter of the moon. Compare the values acceleration due gravity on the surface of the earth and 


on the surface of the moon. [ W. B. H. S. 1987 | 
Solution : It M be the mass and R be the radius of a terrestrial body. Then the value of acceleration 
GM 
due to gravity on the body is 8 = R2 
; GM, y _ GMm 
So, in care of the earth, 8e = 2 and in case ofthe moon, $5 = ES. § 
R, Ry, 
8e ES Ma (Ray Me = 81 
Em Mm Re Now Mm 
x ose Rm_1 
a sae e 


Be = 8m = 5:06: 1 


Ex. 1.6: Mass remaining unchanged if the radius of the earth be half of its present radius, how 
does the weight of body change ? 


Solution : We know weight of a body, W = mg = Gin 


where M is the mass and R is the present radius of the earth. 


nem 
Aes E [ when M is constant ] 


R2 
2 
Wie 
W, R? 
R RLS WS 
ado eee 24 973 5-3 
Here R, = 2 R, 2 A -(; => W, = 4W, 


So, the weight of the body will increase four times. 
1.11. Inertial and gravitational mass : 
(i) . Inertial mass : From Newton's second law of motion, F = ma. Here F is the applied force, ‘m’ 
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is the mass and ‘a’ is the acceleration produced. From this equation we can determine the mass by measuring 
the acceleration produced in it by a known constant force. 
Now, m = He 
a : : 
So, dividing the force by the acceleration we get the mass of the body. The mass so determined is 
called inertial mass of the body. Hence mass may be regarded as a quantitative measure of inertia. 


A 1 
Again, a ii [ + F = constant ] 


So, for a given force if m is large, ‘a’ will be small. It means that this mass has the property to oppose 
acceleration. For this reason, m in the Newton's law of motion is called inertial mass. 
SR alee ed Ue 
Also F = ma = ma z^ m, 5 
Thus we can compare the inertial masses of the two bodies by measuring acceleration produced in 
them by a constant force. 
(ii) Gravitational mass : From Newton's law of gravitation, the gravitational force between two 


: Gm m, 

particles of mass m, and m, kept at a separation ris F = 2 
r 

This relation tells that the gravitational force on a body is proportional to its mass. The consequence 

of this proportionality is that we can measure the mass of a body by measuring the gravitational force 

exerted on it by a massive body, such as earth. This can be done with the help of a spring balance. The 


mass m so determined is called gravitational mass of the body. 
From different experiments, it is proved that inertial mass and gravitational mass are equivalent. 


1.12. Variation of acceleration due to gravity : 

The value of acceleration due to gravity is maximum on the surface of the earth. The value is 
g=9-8ms~*. The acceleration due to gravity changes as we go up (effect of altitude) or below (effect 
of depth) the surface of earth. It also changes with latitude of the place due to rotation of the earth round 
its. axis. Further, the earth is not exactly spherical in shape. The radius of the earth is more at equator 
than at the poles. The acceleration due to gravity varies also due to the shape of the earth. 

(A) Variation of acceleration due to gravity with altitude : 

A small body of mass ‘m’ is situated at a height ‘h’ from the surface of the earth. M is the mass and 
R is the radius of the earth. Whole mass of the earth is concentrated at its centre. 


So, the attraction of the earth on the body is m 
RE GMm 
(R+h)? 


If acceleration due to gravity at the height ‘h’ be g' 5 


Then the weight of the body is W — mg’ 
Now, earth's attraction is the weight of the body. 


LE GMm 
So, W=F - (R4)? 
7 GM 
S E Cui E Rr e. eie eere (1.10) 


= IEEE : 
(RER) Fig. 1.4 
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GM 
On the earth's surface acceleration due to gravity, 8 = a» 


E RE 
g RAE e ee (1.102) 
dis us =g(1 ge 
= - x 
2(,,4 
R (1+ x) 


Expanding the above by using Binomial theorem, we have 


g^ eig [i -Hy terms containing higher power of 4] 


Usually A is quite small compared to R. So higher powers of i can be neglected. Hence 


g = «(1- 24) pale E RC ia (1.11) 


From equations (1.10a) and (1.11) it follows that as we go up from the earth’s surface, the value of 
acceleration due to gravity decreases. The equation (1.11) is used to find the value of g ata height h << 
R. 

When A is comparable to the radius of the earth, the equation (1.10a) has to be used to get the new 
value of g. 


when h << R, decrease in value of g, Ag = g-g’ Sain usas oie (1.12) 


Example 1.7 : At what height from the earth's surface the value of acceleration due to gravity 
decreases by 25% of its value on the surface of the earth? [ R = 6400 km ] 

Solution ; Let at a height h from the surface of the earth the value of acceleration due to gravity 
decrease by 25% of its value on the surface of the earth, 


; R? a’ 3 
24 —— $-20.75-— 
8 Rim? Here g 4 
3 R? 
^ | (REK) 
ER PU ENS VULGO 
Ran ^ vu 70866 5. ^h 9990-1. km 


Ex. 1.8 : A body weighs 63N on the surface of the earth. How much it will weigh at a height 
equal to the radius of the earth ? 


Solution : Here mg = 63N, h = R/2 


Li 8 RE A y = 4, 
Now, (R Fh)? ( 3i 9 
Es 


quim $ ms = 3x63 = 28N 


The weight of the body = 28 N 
(B) Variation of acceleration due to gravity with depth : 
A body of mass m is situated at P at a depth h below the surface of the earth [Fig. 1.5]. Now distance i 
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of the body from the centre of the earth is (R — 4). Draw a sphere of radius (R — A) concentric with the 
earth. Evidently the body lies on the inner surface of the spherical shell of thickness / and on the surface 
of the inner solid sphere of radius (R — h). 

Now, it can be proved that the spherical shell will exert no force on the 
body. So, gravitational force on the body is only due to the inner sphere of 
radius (R — h). So, by the law of gravity, the force of attraction on the body of 
mass m is 

po. 8Mm : 

E (R=h)2 where M’ is the mass of the inner sphere. If we consider 


the earth to be a homogeneous sphere then, M’ = i x(R-h))p 
If g' be the acceleration due to gravity at the depth h then, F^ = mg’ 
GM'm B sd GM 


mg’ = ys E i 
B GF REDD oh Sle “ESS ame bre Rode SQ (i) 
GM 
Now, on the surface of the earth, 8 = RZ 
g M R2 37(R-hp p2 
8..,M. | (R-À? nR? p (R-A? 
8 ^ R-h 
Vim uer C E E D ME (1.13) 


So, the acceleration due to gravity inside the earth varies directly as the distance from the centre of 
the earth. At the centre of the earth (A = R) acceleration due to gravity is zero. The weight of the body 
is thus zero at the centre of the earth. 

Decrease in acceleration due to gravity with depth h is 


te A 
$—8 ZER ee eene nale (1.14) 


Variation of acceleration due to gravity with distance from the centre of the earth. 
From our previous discussions we observe that, (i) the acceleration due to gravity is maximum at the 
surface of the earth. 


(ii) For a point outside the earth, the value of g varies inversely as the square of its distance from the 


isse 
centre of the earth | R+ z] 

(iii) For point inside the earth, g varies directly as the distance 
from the centre of the earth [g^ œ (R—A)]. The variation of ‘g’ 


with distance from the centre of the earth is shown in Fig 1.6. 


Example 1.9 : At what depth below the earth's surface, the 
value of acceleration due to gravity will be 25% of its value on 
the earth's surface ? Assume the earth to be a homogeneous sphere 
of radius R. 

—— dist , 5 
stance R-h g 


; t j SCOPI PT er ur 
Fig. 1.6 Solution : The required relation is EUR Here S dd 
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"a = i E ha} R=078R 
Ex. 1.10 : Find the percentage decrease in weight of a body, when taken 16 km below the surface 
of the earth. Radius of the earth 6400 km. 


Solution | Here R = 6400 km, A = 16m. 
ee 
Prom the equation (1-14), £7£ "4 R 


-p h 16 1 
EE * $00" 400 : d 
^ percentage decrease in weight = SESSE x 100m LE 100% i00 0:25 

(©) Variation of acceleration due to gravity due to earth's diurnal rotational motion : 

The earth is continuously rotating from west to east about its own axis. All the bodies on the surface 
of the earth, except those lying on the poles move along a circular path, the centres of the circle being 
situated on the axis of the earth. Comequently all the bodies on the earth's surface (except at the poles) 

experience a centrifugal force due to which they tend to fly off, This 
roo) centripetal force is maximlim at the equator and zero at the poles. 
The magnitude of the centrifugal force varies with the latitude of the 
we piace. Since this force acts opposite to the force of gravity, a part of. 
| the force of gravity is spent to balance the centrifugal force and the 
P «cot "Peren weight of the body is less than the true weight. So, the 

m 97K. soparent value of acceleretion due to gravity will be less than its 
actual value. 

e Let a body of mass m be situated on the surface of the earth at A 
- ef latitude % ( Fig 1-7). Angular velocity of earth is œ. All the 
bodies on the earth s. surface will rotate with anguler velocity œ and 

40, the body at the point A moves along a circle AB = r with constant 
angular velocity @. If R be the radius of the earth, z = R cosà ; 

Now, centrifugal force on maus miis, F, = ms v (along AD) and the weight of the body W = mg acts 
along AO. 

The component of centrifugal force along AC is F, cosh 

So, the effective weight of the body at A. 

w'smp-V, con À = mp mer cm 
wmp-m! Row! [ c reRon] 
If gt be the effective value of acceleration due to gravity at A, then effect weight of the body is 


"mn 
"n. -mp- rm R cn?! à 


nti Romam (i conta.) aT (45) 


Now p= 9o, Re MD I0 m and m En 25x10% d]. 
no) 


5 
LR) 
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Since fy € f it follows that acceleration due to gravity decrease due to rotational motoa of Uc 
earth. x 

Special cases : (a) at the equator A= 0, g eger R 

(b) at the poles, 4-90", M =g 

So, on account of earth's spinning motion, decrease in the value of g is maximum at the equator and 
zoro at the poles. 

Example 1.11 + Show that if the earth stops rotating, the value of acceleration due to gravity #t 
the equater will increase by 338 cm / s? Earth's radius R = 64 x 10" cm. 

Solution : Due to earth's rotational motion, the effective value of acceleration due to gravity is 
gj = 8 = oR, So if the earth stop rotating, the acceleration duc to gravity increases by A g = a R. 

Here w = 7-25x 10° md/s, Re 64x10" cm 

A g= (7.25% 107) «6-4 108 «08 em? 
Bx. 112: Show that ifthe angular velocity of the earth be nearly 17 times Its present angular 


velocity then, a body at the equator will appear weightless, H, 
Solution : The effective value of acceleration due to gravity due ‘earth's rotational mouon at a place 


Li 


on the surface of the earth of latitude ), is + wh 
m, = g-e)R cof ) agw R à v mequir Ae] O 
aen dn 
Now, Re 6400% 102m, gum and at present e 7:25 10° mds 
"- 
z -eeeeeec " . 0) 


Let m= t when a body at the equator will appear weightless: a 
2 4 
denn 20 and PETS s (i) | 


Li 
From equations (i) and (ii) ^m s maios 


(W) Effect of shape of the earth on the value of g : 

The value of acceleration due to gravity is maximum on the surface of the earth Dut this value i not 
same at all places oe the surface of the earth. The reason is $ the carth Is not a perfect sphere but it 
ellipsoidal in shape. The distance of the equator from the centre of the earth is greater than the distance 
of the poles from the centre. Barth's equatorial radius is greater than polar radius 


Now, or ( when mand is constant). As polar radius is hows than equitorial radius, the value of 


acceleration due to gravity at the poles is higher than its value at the equator, Due to earth's shape, the 
value of acceleration due to gravity with latitude of the place is approtimately represented by 


g RONIS NKI s!) eene (16) 
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1.13. Laws of falling bodies : (Discussed in chapter four) 


Example 1.13 : A body is projected vertically upwards with a velocity of 30 ms~!, What will be 
its velocity when it rises half of the maximum height. g = 10 ms? 
Solution : The maximum height attained by the body is 


Let at a height. A= 5 = g =22-5m, the velocity of the body is v m/s. Then 


v? =u? -2gh = (30? -2 x 10x 22-5=450 
Ao vm4450221.21 ms! 


Ex. 1.14 : Show that the distance travelled by a body projected vertically upwards in the last 
second of its vertical motion is equal to the distance travelled by a freely falling body during the 
first second. . 


Solution : If a body is projected vertically upwards with a velocity, u its time of ascent, T = Y The 


maximum height attained by the body is H = uT— i gT’. Height attained by the body during € T-1) 
sec is 

H'su(T-1)- (TI? 

So, the vertical distance travelled during the last second 


H-H'syT- tar -[wer- 1) -is (T- »'] 


susleQT-Dsu-gzT4L 
=u 78 QT )zu tt 


su-u+hg [v u=gT] 1 


H-H’=>8 Vea niod e STOLEN € 2 9,919 919 Ui tee (i) 


Now, the distance travelled in the first second of the motion by a freely falling body is 
hatg? mis mig a (ii) 


Hence from (i) and (ii) H — H' =h 


1.14. Simple Pendulum : 

A simple pendulum is a heavy mass suspended by a light, inextensible and perfectly flexible string 
from a rigid support. It can execute to and fro oscillation. 

Evidently, such a pendulum cannot be realised in practice. Such a pendulum is nearly achieved by 
suspending a small and heavy metal sphere by a very long flexible and light thread. The weight of the 
thread is negligible compared to the weight of the metal sphere. 


1.15. Definitions of some quantities related to pendulum : 


(i) Point of suspension : The point of the rigid support from where the pendulum is suspended is 
called point of suspension. 
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(ii) Effective length : The distance between the point of suspension and the centre of gravity of the 
pendulum bob is called the effective length of the pendulum, If /^ be the length of the string and r be 
the radius of the bob then, effective length of the pendulum is. / 5 /^* r 

(iii) Amplitude : The maximum displacement of the bob (O'A or O'B) on either side of the mean 
position O’ is called its amplitude of oscillation. It can also be measured 
by the angle between the mean position and the extreme position on either 
side is called the angular amplitude. So in the fig, 0 * ZO'OA or 
0 = ZO'OB is the angular amplitude. 

(iv) Complete oscillation and Time period (T) : When the pendulum 
starts from one extreme point of its path and again comes back to the same 
extreme point, the pendulum is said make one complete oscillation. 

The time required to complete one full oscillation is called the time 
period or the period of oscillation. 

(v) Frequency : The number of full oscillations executed in one second 
is called frequency. 


In T sec the pendulum completes one oscillation. So the number of oscillation is 1 sec, n= T 


; deb 
requency T 


1.16. Laws of simple pendulum : 

The motion of simple pendulum obeys some simple laws which are known as laws of simple pendulum, 
These laws tells how the motion of the pendulum depends on angular amplitude, the effective length of 
the pendulum, acceleration due to gravity at the place and the mass of the bob. The four laws of motion 
of the pendulum are : 

(i) Law of isochronism : When the angular amplitude of oscillation does not exceed 4? the time 
period of oscillation of a simple pendulum ef fixed length and at a given place is always constant, being 
independent of amplitde. 

(ii) Law of length : When the angular amplitude of oscillation does not exceed 4°, the period of 
oscillation of a simple pendulum at a given place is directly proportional to the square root of the effective 
length of the pendulum. ie. T œ Vi. 

(iii) Law of acceleration : When the angular amplitude does not exceed 4°, the period of oscillation 
of a simple pendulum of a fixed length is inversely proportional to the square root of the acceleration due 


‘ ; 1 
to gravity of the place, i. e. T œ 
vg 


(iv) Law of mass : When the angular amplitude does not exceed 4°, the period of oscillation of a 
simple pendulum of given length at a particular place does not depend on the mass of the bob. 


1.17. Time period of a simple Pendulum : 
If | be the effective length of the pendulum and g be the acceleration due to gravity at a place, then by 
the laws of simple pendulum 


Ta vi and ta ft 


Li 
combining these laws, T œ E o Te k= 
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k is a constant of proportionality whose value is taken to be 2. 


T= 2m ft. 
g 


1.18. Seconds pendulum : 


It is a simple pendulum whose time period is 2 sec. It takes exactly 1 sec to complete one swing i.e. 
to go from one extreme end to the other extreme end during oscillation. 


I L 
Since time period T = 2x E for a seconds pendulum 2 = ant : 


l= E Now, taking g = 980 cm/s? 


n 
: 980 
the length of the second pendulum is / = 087 ^ 99-3 cm 
A Some uses of simple pendulum : 
1.19. Determination of ‘g’ at a place : 
Time period of simple pendulum of length / at a place where acceleration due to gravity is g is 


Tz an f or, T? = 4x2 aa 
g g 


So, by knowing T » g can be determind. 


(i) Different values of / are adjustted and for each value of /, time period of oscillation (T) is determind. 


Then for each value of J, T is calculated and mean value of all T is 


l 
determined. This average value of T is substituted in equation (1.17) and 
value of ‘g’ is obtained. 


(ii) Also we can calculate ‘g’ from 1 — T? graph. This 7 — T? graph will be 
1 a straight line passing through origin [Fig 1-9]. From the graph for a new 


Fig. 1.9 


L 
value of / the value of T2 is obtained and T is calculated. Putting this 


7 
value of T in equation (1-16) the value of ‘g’ is calculated. 


1.20. Determination of height of a mountain by simple pendulum : 


We can determine the height of a mountain or a tall building by a simple pendulum. For this we 
measure the periods oscillation of a simple at the bottom and the top of a mountain. Let these two time 


periods be T and T’. If g and g’ be the values of acceleration due to gravity at the bottom and at the top 


; pite es : 
of the mountain then, TS m DEA ch Maes tate (i) 
_ GM we GM 
Now, R2 , and (R44) 


Here M = mass of the earth and R = radius and h = height of the mountain 
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g (R*h? , [g _ RA 


g RŽ g R ce (ii) 
From equation (i) and (ii) > = E zd 
T 
he R(T--1) CAP MONEO UR TS CPP CREE EON TS (1:18) 


Since in equation, all other quantities are known A can be calculated. 


1.21. Determination of the depth of a mine by simple pendulum : 


The depth of a mine can be determind in the same way as the height of a mountain. In this case, time 
period of a simple pendulum is determined at the surface of the earth and then at the bottom of the mine. 


If these time periods be T^ and T respectively then, T = l z where g = value of acceleration due to 


gravity on the earth and g' — value of acceleration due to gravity at the bottom of the mine. 


Now = = ROR [ R = radius of the earth and h = depth of the mine.] 


1.22. Loss or gain of time by simple pendulum 

Time period of a simple pendulum depends on its effective length (/) and on the value of acceleration 
due to gravity (g) of to place. So if / and g change, its time period will also change. So the pendulum 
will go slow or fast. 

(A) Due to change in length of the pendulum : 

Let the pendulum gives correct time when the length is / and the time period is T. Now, the length has 
increased to // and the time period becomes T’. Then 


T- rz If length increases by Al, /’=/+A/ 
1 

ae, EALE ANA ROAD. TETAI: ] 

m 7 =(1+#) =1+55 Es 7 ««1 

T-T DA 

ay a Deak 


It is the loss of time per second. So the loss of time per day, AT = 86400 x i a = 43200 E ii 1-20) 


The pendulum will gain the same time per day if its length decreases by Al. 


(B) Due to change in acceleration due to gravity : 

Let the simple pendulum gives correct time when the value of acceleration due to gravity be g and the 
correct time period is T. Now, let acceleration due to gravity changes to g^ and g’= g— Ag and if T’ be 
"the new time period then, 
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223 
ju 1 Ag Ag 
——bt-lo— VoL 1 
TOME g [ ra l 
VIE 1A f 
T Ta = It is the loss of time per second. So the loss of time per day is 
; 1 Ag Ag 
AT-86400x——- = 432200— 745 111.4 1:21 
28g g iba 


Example 1.15: The length of a pendulum is 1 m. It completes 20 oscillates is 40 sec. Calculate 
acceleration due to gravity at the place. ' 


Solution : Time period of the pendulum, T = D 2 sec. 


20 
l 4n? 
Now, t=2n ft ANNE IE 
rd g T 
4x9-87x1 
TE []= 1m, T=2sec.] 
g = 9:87 ms? 


Ex. 1.16 : If the length of seconds pendulum increases by 2%, how much time will it lose of gain 
per day ? j 


Solution : The required relation AT = 43200 a [ vide equation 1-20 ] 


Here X = 0-02 
AT = 43200x 0-02 — 864 sec. 


So, the pendulum will lose 864 sec per day. 
Ex. 1.17 : A pendulum gives correct time when acceleration due to gravity is 980 cm /s?. It is 
taken to a place where acceleration due to gravity is 978 cm / 2. Calculate its loss of time per day. 


A 
Solution : The required relation : AT = 43200 - 


Here Ag = 980 — 978 = 2 cm/s? and g = 980 cm/s? 
AT -43200x 727 = 88-16. So loss of time/day = 88-16 sec. 
Ex. 1.18 : A faulty second's pendulum loses 10 sec per day. How its length be changed so that it 
may give correct time again ? g=9-8 ms ? 
Solution : Evidently, time period of the pendulum is 


with increases of length (T a vI ) 
shortened, 


greater than 2 sec. Since time period increase 
» So to get correct time the length of the given pendulum has to be 
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Let the present length is /, and actual length be / 
the length should be decreased by x — (/j —/) to get correct time. 


1 
T [i [i+ 2 I 
pL ne aem MM Le Ex papi Es: 
Now, T^ 7 (1+) I+ 7 [x ««1] 


T-T. 


lx 7 e 
T 2T It is the loss of time per sec. 


So, the loss of time per day is AT = 86400 x i F = 432004 


he Me [.u-£] 


~ 43200 — 43200 n2 


T2 


10 x 980 
e 43200 ROIT SA 


the length of the pendulum has to be decreased by 0-023 cms. 


Ex. 1.19: A pendulum gives correct time on the surface of the earth, when it is taken to the top 
of a tower it loses 20 sec per day. Calculate height of the tower. Radius of the earth 6400 km. 


Solution : The required height is ;=R (z- 1) [ vide equation 1.18 ] 
_ 86400 _ 4320 


Here, R = 6400 km, T = 86380 <2 = 4319? and T = 2 sec. 
f, 4320 n PUT UM 23 
hz 6400 x (2529 -1) = 6400 x Bro ^ 1:48 km 


Ex 1:20 : Two simple pendulums having time periods 1-8 sec and 2 sec. are set into oscillation 
simultaneously. After what time faster pendulum will execute 1 oscillation more than the slower 
one. Calculate the number of complete oscillations made by the faster pendulum during this time. 

[ H: S. 1996 ] 


Solution : Let after t sec. the faster pendulum makes one oscillation more than the slower one. 


t 
In time t the number of oscillation executed by the first pendulum 7j = T8 and the number of 
POR t 
oscillations completed by the other pundulum, m = pi 
By question, Yr = ] > f = 18sec. 


The number of oscillations completed by the faster pendulum in time — 18sec is 


Er Nd 
T EHER c ERAN 

Ex. 1.21 : A pendulum of length 60 cm is attached with an aeroplane which is moving upwards 

making an angle of æ = 30° with the horizontal with an acceleration of a = 4 ms. What is the time 


period of the pendulum ? [ J. E. E. 1990 ] 


Solution : Horizontal acceleration of the plane, 4. = acos30° and total vertical acceleration, 


d,-g*a sin 30°. 
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S y asin30° 
. Resultant accelaration, g' = ya. Pan 


g= Xa cos 30°)? +(g +a sin 0)? [a = 4ms?] 


30? 
= 4QN3)? + (9.842). = V151-24 =12-3 ms 


l 0-6 
-. time period, Tea [rasa "me sec. g 
Fig. 1.10 
1.23. Planetary motion and kepler's law : S 


In 498 AD, the Indian mathematician and the astronomer Aryabhatta made a large number of 
astronomical observations and proposed that earth revolves around the sun and at the same time it rotates 
about its own axis. In 1543, the Polish astronomer Nicolus Copernicus advanced the idea that not only the 
earth, but also the planets move round the sun in circular orbit around the sun. 


German astronomer Johannes Kepler after a thorough and careful study of the vast accumutation of 
data collected by the Danish astronomer Tycho Brahe concerning the motions of the planets round the 
sun, was able to unify the observations into three emperical laws related to planetary motion. These laws 
are known as Kepler's law of planetary motion which form the basis of the famous. Newton's law of 
universal gravitation. The laws are : 


1. Each planet revolves round the sun in an elliptical orbit with the sun at one focus of the ellipse. 


2. The line joining the sun and the planet sweeps out equal areas in equal times i.e. the areal velocity 
of planet aróund the sun always remains constant. 


3. The square of the period of revolution of any planet around the sun is proportional to the cube of 
its mean distance from the sun. 


1. Discussion of the first law : The first law known as law: of orbits, gives the idea regarding 
nature of the orbits of the planets round the sun. In fig 1.11. Orbit of one planet is shown. The orbit is 
elliptical with the sun at one focus S, where. S, and S, are the two focii of 
the orbit. AB and CD are the major and minor axes of the orbit. Evidently, 
the distance of the planet from the sun is not constant. The point A, where 
A B the planet is nearest to the sun is called Perihelion and the point B, where 

it is farthest from the sun is known as apihelion. 


H Planet 


T While moving along the elliptic orbit, the speed of a planet increases 

D when it comes nearer to the sun. Thus the speed of a planet is greatest at 

Fig. 1.11 the A (Perihelion) and least at B (apihelion). In the case of the earth, the 

maximum and minimum speeds are 18-8 miles / sec and 18:2 miles / sec. The. near equality of these two 
speeds show that the earth's orbit is nearly circular. 


2. Discussion of the second law : The second law also known as law of area, specifies that the 
speed of the planet varies with its position on the orbit. In fig 1.12 the 
shaded regions represents the areas described by the line joining the planet 
to the sun in equal time interval. From the fig, all the areas SAB, SCD and 
SEF are equal. Evidently, the speed of a planet in the orbit round the sun is 
not constant. Nearer the planet to the sun, its speed is greater. 

3. Discussion of the third law : If r be the mean distance of the 
planet from the sun and T the time period of its revolution, then by Kepler's 
third law T? o 7? 
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m 
73 ~ constant for all planets. 
5 


Deduction from Newton's law of gravitation : Here we assume (hat the planet's orbit is circular. Let 
mass of the planet be m and radius of the orbit r. Mass of the sun is M. The 
GMm 


r 


m2 m 
necessary centripetal force. F = ar 


v 
force of attraction of the sun on earth is F = 


: This force provides the 


2 
m. GM yt OM a à) 


£: r 
If T be the time period of revolution of the planet around the sun. Siglo 
22 
.22nm ` 2:58 AR T: e 
MEETS ^ VES UqELGt ees (ii) 
NON EI RAO area 
Hence from equation (i) and (ii) , T pip 
4n? 
2 3 
NE ( ex] LARES oii QUE pen (1.22) 


qeu | " GM is a constant | 
It is Kepler’s third law . 


Example 1.22 : The radius of the circular orbit of the earth round the sun is 1-5 x 108 km and 
period of revolution 365 days. The radius of ihe moon's orbit round the earth is 3:8 x 105 and 
period of revolution is 27 days. Calculate the ratio of the masses of sun and earth. 


Solution : It T| be the period of revolution of the earth round the sun, then 


T? = 4n? A 3 , i 
1 ~ | GMs)’ [ ^7 radius of the earth’s orbit, M, = mass of the sun ] 


Similarly in the case of the moon, its time period of revolution is 


2_(4x?) 3 
iS GMe | 2 [ ^5 = radius of the moon's orbit, M, = mass of the earth ] 


T^. M, To 

pla) 2 S 
Mr mnis (&) x [299095] 25 x10? 
Mes; quic 2: SES 3-8x 10? 


M, : Me = 3-37x10° : 1 


1.24. Calculation of mass of the sun: 


Let a planet revolve round the sun of mass M in a circular orbit of radius r. If its time period of 
revolution be T 


2 2d 
Pour tug = See 
GM GT 


Phy ()—23 
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If we consider our earth as one of the planets of sun then, 
r=1-5 x 10!! m, T = 365 days = 365 x 86400 sec. 

_ Ax9:87 x (15x10!) Du MY 

6-67 x 10-!! x (365 x 86400)? 

1.24. (a) Calculation of mass of the earth : 
We can calculate the mass of the earth by considering the motion of the moon round the earth. 
The radius of the orbit of the moon, r = 3.84 x10? km. and the period of revolution of the moon, 
T = 273 days = 27:3 x 86400 sec. 
Then mass of the earth can be calculated from 
4n? r? _ 4x9.87x 3-84 x 10°) = 6-0x10% kg 
GT? . 6.67x107!! x (27-3 x 86400)? 


1.24 (b) Gravitational force between the sun and the earth.: 
| GMs Me 
The gravitational attraction between the sun and the earth is F = UTI 


x 
mass of the sun, Ms = 2X10% kg, mass of the earth Me- 6x 10% kg and a Average distance 


between sun and the earth, r = 1-5x10!! m. 
6:67 x 1071! x2x1099 x 6x 1074 
2 
(1-5x10!) 

1.24. (c) Gravitational force between the earth and the moon i 

F= GMe Mm 
The gravitational attraction between the sun and the earth is. F7 n? 
mass of the earth Me — 6x 107^ kg, mass of the moon, Mm = 7:33 x102 kg 


F= —3.56 x10? N 


The average distance between the earth and the moon, 7, =3-84x 108m 
6-67 x 107! x6x 1074 x 7.33x 102 
Fi a a A a cc ion EBEN ES PER 


3 21:99 x 1020N 
(3:84 x108) 


Gravitational force, F 


Gravitational force between sun and earth — 3:56x 1072 =178-8 
gravitational force between earth and moon — 1.99 x 1020 


1.25. Satellites : Natural and Artificial : 

A heavenly body revolving round the planet in a stable orbit is called a natural satellite. 

In solar system there are nine planets of which earth is one. These planets have satellites revolving 
around them. The planets mercury, venus and pluto do not have any satellite. The earth has one, mars and 
neptune—two each, uranous—five, saturn—ten and Jupiter has twelve satellites. These heavenly bodies 
going around a planet are called natural satellites. Moon is natural satellite of the earth. It goes round the 
earth in avout 27-3 days in an almost circular orbit of radius 3-84 x 10? km. 

A satellite launched by man and put in stable orbit round a planet is called an artificial satellite. 

Since 1957 many artificial satellites of the earth have been launched in their orbits. Many satellites 
were launched by different countries. 

India also joined the space club on April 19, 1975 by putting in orbit Aryabhatta India has launched 
many satellites. 
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1.26. Principle of launching a satellite : 


Consider a tower of height several kilometers on the earth's surface. Now a stone is thrown from the 
top of the tower with a horizontal velocity. After moving along a parabolic path it may hit the earth at P, 
[Fig 1-14]. If the stone is thrown with greater horizontal 
velocity it wil hit the earth P, away from P,. If the horizontal 
velocity of projection is increased gratually, the stone will hit 
the ground at increasing greater distance. Ultimately at a certain 
horizontal velocity of projection, it may so happen that stone 
be in state of free fall i.e. earth's attraction on it is just equal 
to centripetal force necessary to move along a circle. The 
result will be that the stone will follow a circular path around 
the earth. It is now an artificial satellite and the horizontal 
velocity of projection is its orbital velocity. 


Stable Cirey Tar 
So 


lbi; 


Artificial satellites are actually launched from the surface 
of the earth by rockets. Behind the satellite there are a number 
of rockets. These rockets controls the direction, magnitude and velocity of the satellite. On reaching a 
predetermined height the satellite acquired necessary horizontal velocity. Now, the satellite is put into 
stable orbit and will rotate around the earth in a circular orbit. Its velocity is called orbital velocity. 


1.27. Orbital velocity and period of revolution of a satellite : 

(A) Orbital velocity (Vj) : We now ask if there is any prescribed 
value of the velocity of the satellite, for it to be able to continue to move 
in an orbit ? The answer is, yes. The reason is that for a body to move 
in a circular orbit, a centripetal force ( which depends on velocity ) must 
be provided. 

Orbital velocity of a satellite is the velocity required to put the 
satellite in its orbit round the earth. We shall now calculate the value 
of orbital velocity, Vo. 

Suppose a satellite of mass m goes round the earth in a circular orbit 
of radius r with a uniform speed Vo. If the height of the satellite above 


X 3 the earth’s surface be h then r= R + A, where R is the radius of the earth. 
Orbit of sateílite 
Fig. 1.15 mvo? 


NES 


So, the centripetal force necessary for the satellite is F,= 
9 


Now, the gravitational. attraction between the earth and the satellite provides this centripetal force to 
keep the satellite in circular orbit. 


2 
GMm _ mv ; _ [GM . [GM 
1:0 p vy = 49M "de DEN ete (1.23) 


r 


Thus the orbital velocity of a satellite is independent of the mass of the satellite, but depends on the 
radius of the orbit and mass of the planet around which it revolves. 


>, > 
Now, the acceleration due to gravity on the surface cf che planet is 


_ GM à 
Sis. R2 4 GM = gR 
2 
«iR. pr (1.24) 
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If the satellite is a few hundred kilometer above the earth's surface ( say, 100 to 300 km), we can 
replace (R +h) by R. 


2 
e E SER soem edd (1.25) 


To calculate vo for a satellite near the earth's surface we put g = 9-8 m / s? 


vo = 49:8x 6400 x 10 ms! = 7.92 kms! 


(B) Period of revolution of the satellite. It is the time taken by a satellite to go once round the 
earth. If T be the time period, then 


q = circumference of the orbit _ 27 (R +h) 


R = 6400 x 10° m 


orbital velocity Yo 
2 
p22RQB? 2m [Qnm 


ax? QU wets Re (1.26) 


If the satellite is near the earth’s surface then R + h =R 


2n |R? R 
T- 2t (R- - 2x8 d CIR MR Hoe a o e 1.27 
RVe E (1.27) 


Putting R = 6400x10?m and g=9-8m/s? we get 


; 
T =2n oe sec=84 min= 1 hr 24 min 


Example 1.23 : An earth’s satellite makes a circle around the earth in 90 minutes. Calculate the 
height of the satellite above the surface of the earth. Given, radius of the earth is 6400 km. and 
g = 980 cm s? 


RA), 
Solution : Time period, T — nm m 


T gR? 
2 


(R4) = 


BI 


metre = 6668 km 


EUM 2 
ga. =| 00x60)? x4-8x (6400x1000) 
4x (9-87) 


So, height of the satellite is = 6668—6400 — 268 km 


1.28. Geostationary Satellite : 


The earth revolve from west to east round its own axis in a day or in 24 hour. So, its period of 
revolution is 24 hrs. Now if a satellite is made to revolve from west to east in a circular orbit concentric 
and coplanar with the equitorial plane of the earth, the satellite may appear to be moving with respect to 
the earth. However, if the period of revolution of the satellite is made just 24 hours i.e. equal to the period 
of revolution of the earth about its axis, then the satellite will stay over the same place on the earth. Hence 
it will appear stationary with respect to the earth. Such a satellite is known as geostationary satellite. 
Hence a satellite will always appear to be over the same place relative to an observer on the earth. is a geo 
stationary satellite. 
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The orbit of the geostationary satellite is known as parking orbit. Such a satellite is very useful for 
global communication. 


A satellite will appear stationary if the following conditions are satisfied : 

(i) The satellite should revolve in an orbit concentric and coplanar with the equitorial plane. 

(ii) Its sense of rotation should be same as that of the earth i.e. from west to east. 

(iii) Its period of revolution should be same as that of the earth i.e. 24 hrs. 

Calculation of the height of the parking orbit : Let mass of the earth M ; mass of the satellite m ; 
radius of the parking orbit r=R+A; orbital speed, Vo and time period, T. Now, earth's gravitational 
attraction on the satellite provide the centripetal force. 


2 | 2 
mvo _ GMm A ns GM . gR [ GM = gR?] 
r m F. r 


Yo 
T= 2n r dr. _ 2nr2 
gR? Vg? 
RÊ T? ; 
Tu i = ; Here g=9-8ms*, R-64x10 m, T = 86400 sec then, 
T 4 
2 Ss 
9-8 x (6:4 x 10)" x (86400)? |? 
dt 4x9.87 metres = 42400 km 


The radius of the parking orbit is 42400 km. ‘ 


So, a geostationary satellite should revolve at a height of 42400 — 6400 = 36,000 km above the 
surface of the earth. 


Velocity of geostationary satellite : The orbital velocity of geostationary satellite is 


y= 25r _ 2m (42400) 
Seep is S400 


= 3:1 km/s 


1.29. Gravitational field and its intensity : 


The gravitational attraction between two masses exists even when the masses are at a distence from 
each other. For this reason, gravitational interaction are sometimes called as ‘action at a distance’ To 
explain this interaction between masses, we introduce the concept of field. ` 

According to this field concept, a material body sets up its gravitational field around it. If another 
materjal body is placed inside the field, it will experience a force. So we define gravitational field as : 

The space around a material body in which its gravitational attraction can be experienced is 
called gravitational field. 


It is the gravitational field due to which a body exerts force on any other material body placed inside 
the field. 


€ Intensity of the field : 


The intensity of gravitational field of a body at any point in the field is defined as the force experienced 
by a unit mass placed at that point. 
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k F 
If a small mass m placed in the field experiences a force F then intensity of the field is E= mi 
F=Em 


* Gravitational intensity at a point due to a point mass. 


We consider a point mass m. To calculate intensity at a distence r, we put a unit mass at the point. In 
fig 1.16, P is the point when we want to calculate the intensity. We 
place a unit mass at P. Now, the gravitational force on the unit 


rcx crc optet cae Ix Tc RE o mass kept at P is 
m P 
Fig. 1.16 Gmxl _ Gm 
EA mde 
r r 


By definition, F is the field intensity E. 


: z.SOm^ A. ; "PIT. 
In vector notation, E = 72 " [ r isa unit vector along the line joining the masses ] 
r 


1.30. Intensity of gravitational field due to earth. 
Let M be the mass of the earth. P is a point at a distance r from the Earth 

centre *O' of the earth where we want to calculate the gravitational intensity. 

We place a small mass m at the point P. We assume that whole mass of the m 

earth is at its centre. F P 
According to Newton’s law of gravitation, the force on the mass m at P 


GMm Fig. 1.17 


r2 


Then, the gravitational field intensity due to the earth at P is 


eB GM, 
= = z2 directed along PO ........... (1:29) 


is F= 


m 
It follows that intensity decreases as the distance r increases and becomes zero at infinity. 


Again acceleration due to gravity at P is given equation (1.29). So it follows that intensity of the 
gravitational field at a point is equal to acceleration due to gravity at that point. So, gravitational field at 


GM 
à point is (2 means that a mass placed at the point will accelerate towards the earth with acceleration 
a = GM 
ipt 
The, gravitational field on the surface of the earth can be obtained by putting r — R in equation 
(1:28). So, the gravitational field at a point on the surface of the earth is 


E. = GM . j : 
DIAS WEE [ g = acceleration due to gravity on the earth's surface ] 


1.31. Gravitational potential : 
Gravitational potential at a point in the gravitational field is defined as the work done to bring a unit 
mass from infinity upto the point. 
If w be to the work done to bring a mass m, then gravitational potential is V = £. 
. . . NT A " m 
It is a scalar quantity and its unit is J kg! in SI system and in C. G. S. system the unit is erg gm"! 
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Potential due to a point mass : Let m be the mass of the particle. We like to calculate the gravitational 
potential at distance r from the point mass. 
Now a material object of unit mass is brought from infinity into the gravitational field of the particle. 
When the unit mass is at a distance x from the particle, the gravitational force on the unit mass is 
F = om. 


n? 


The work done to displace the unit mass by a small distance in the direction of the force is, dw = Fax 
Hence the total work done to bring the unit mass from infinity upto the distance r is 


r 
w= Í F dx 
Gravitational potential, V = E dx = _ Gm 
eo y r 
Vir Hoot aa eink ata udt demi o Erde (1:30) 


Potential due to earth : Since earth is a spherical body, it can be treated as a particle, whole mass 
of the earth being at its centre. Then the gravitational potential at a point at a distance r( r» R, radius 


of the earth) from the centre of the earth is V — DUM D TETUER: VE (1:31) 


where M is the mass of the earth and r=R+h. 
So, gravitational potential at a point (i) is always negative (ii) increases as one moves towards 


infinity. It is zero at infinity. (iii) On the surface of the earth it is given by V = M, 


Potential difference : The potential difference between two points A and B in a gravitational field is 
the work done by the external agency in moving unit mass from A to B. If Wag, be the work done to 
4 W 
move a mass m from A to B then the potential difference between two points is : Vg- VA = E It 
has same unit as potential. 


Example 1.24 : Three point masses each of mass m are placed at the vertices of an equilateral 
triangle of side ‘a’. Calculate gravitational field and potential due to three masses at the centroid of 
the triangle. 


Solution : Situation is shown in fig 1.18. Three particles each of mass m are placed at the vertices A, 
B and C of the equilateral triangle ABC. O is the centroid of the triangle. Evidently, 


B 


AP = AB.sin 60° = “a and AO = BO = CO = i (AP) = E 
(i) To find, gravitational field at O, we measure force on unit mass placed at the point O due to three 


a 
equal masses placed at equal distance AO = BO = CO = 4 The 


three force are E}, Ep and Ec. They are all equal and by 


symmety the resultant force is zero. 
So, the resultant field at O is E = 0. 


(ii) Now, the gravitational potential at G is 
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1.32. Gravitational Potential energy : 
The gravitational potential energy of a body at a point is defined as the amount of work done in 


bringing the body from infinity upto the point. 
So, the potential energy of a body of mass m when it is brought from infinity upto a point at a distance 


r from another point mass p” is 


E, = (potential at the point due to m ) x mass (m) 
Gm' Gm'm 
z-—m--—— 
r r 
Similarly, potential energy of a mass m at a point situated at a height A from the surface of the earth 
is E, - uum. (M = mass of the earth and R = radius of the earth.) 
If the body is situated at the surface of the earth, then its potential energy is 
GMm . gR?m vi boio GM 
E DRE I g= LJ: 
R R R 
Lael E te ir ris 1.32 


9 Special discussion : We take the gravitational potential energy of a body of mass m at a height /i 
from the earth's surface as Ep = mgh (h<<R). In this case, the potential energy at a point on the 
surface of the earth is taken to be zero. We can deduce the relation as follows : 


Potential energy of a mass m on the surface of the earth = — S ug 
j ` : _ -G8GMm 
Potential energy at a height his E peasy 
E -—-G8Mm . -GMm ( E i) 
i R(1+4) R R [* ^««R] 


-GMm , GM _ -GMm 
R * R mh = R 
If potential energy at the surface is taken to be zero then E pF mgh 


1.33. Gravitational potential energy of a system of masses : 

Difinition : Gravitational potential energy of a system of masses is 
the work done to bring these masses from infinity to form the system. Let 
the system consists of three masses m, m, and m,. Initially they were 
at infinity from each other. Now, we have to calculate the work done to 
form the system shown in fig 1.19. m, was at the position as shown in the 
fig. Now, the mass m, is brought from infinity at a distance 7 from m,. 
The work done is t 

-Gmm. 

Fig. 1.19 W= Tue 
n " n 1 "en n 
Then the mass m, is brought from infinity. So it is at a distance ry from m, and at r, from m,. Work 
-Gmr 
5 


+mgh. = Potential energy at the surface + mgh, 


m3 my 


done to bring m; at a distance r, from m», W, = and the work done to bring m, at a distance r, 


Gmm, 


from m,, w=- 7 
3 
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total work done or the potential energy of the system is 
P Gmm, 3 Gmm, d Gmm 
5 ^ n ^5 
. Example 1.25 : The radius of the earth is 6-37 x 109 cm, mean density 5-5 gm / c.c. and 
G = 6-67 x 107? C. G. S. Calculate potential at a point on the earth's surface. 
Solution : We consider the earth as a solid sphere. The potential at any point on the surface is 
GM G.4 


s gMen Gr Mu rd. 2 
V= R RX*3^RP 3^PGR 


V =- 1x34 x 5:5x 6:67 x10 x (6-37 x 108)" 

=-62-27x10!9 erg / gm. 
1.34. Energy of an orbiting satellite : 
When a satellite revolves around a planet in its orbit, it has both potential energy and kinetic energy. 
Now, the gravitational potential energy of the satellite of mass m when it is in the orbit at a height / 


from the surface of the earth is 


GMm 
p i 3 
p RICE [ vide art. 1-32 ] f 
To calculate kinetic energy we assume that the orbital velocity of the satellite be Vo, Since earth’s 
attraction on the planet provide the necessary centripetal force, we write 
2 


No OMA IQ OMAN 
R+h (Ré. ` 0 R+h 
‘ni : .l GMm, 
Kinetic energy of the satellite, E, = 2 Rth 
Total energy of the satellite, E =E T +E, 
p =l SMm, 
2 R+h 


So, the total energy of the satellite is negative. For this reason we say that the planet and the orbiting 
satellite form a bound system. 


Example 1.26 : A satellite is revolving the earth at a height 400 km. above the earth’s surface. 
How much energy it should be supplied so that it will escape earth’s gravitational pull ? mass of 
the satellite = 200 kg, mass of the earth = 6-0 x 1074 kg, radius of the earth 64 x 105 m and G = 
6:67 x 1071! SI. 


n Pers 4 _ -GMm 
Solution : Total energy of the satellite in the orbit, E= 2(R+hy 
A -li yg. 24 A 
ES. 67x10 ^ x6:0x10 X200 _ $67 X 6X2 y 199 —..5. gg 1g? Joule 
2(6-4x10° +0-4x10°) ces 


Energy required for the satellite to escape from gravity is = 0 — (- 5-89 x 10°) = 5:89 x 109 J 
1-35. Escape velocity : 0 
In general, if we throw a stone vertically upwards, it rises to a maximum height and finally returns to 
the point of projection. If the velocity of projection is increased, maximum height attained also increases, 
If we gradually go on increasing the velocity of projection of the stone, at a particular velocity it may so 
happen that the stone never returns to the point of projection. Now, the stone has overcome earth's gravity 
and lost in space. This particular velocity is called escape velocity. 
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Definition : The minimum velocity with which a body must be projected so as to enable it just to 
over come the gravitational pull and lost in space, is called escape velocity. 


Expression for escape velocity : We apply principal of conservation of energy to obtain the expression 


for escape velocity, v,. The gravitational potential energy of a body of mass m on the surface of the 
earth is 


GMm 


A EaR [ M = mass of the earth, R = radius of the earth ] when the body escapes earth's 
attraction, its potential energy becomes E= =0 


GMm \ GMnm 
Rise of potential energy, AE, = Ep -Ep = s (Sem) = 


R R 


Now, if the escape velocity is v,, its kinetic energy is E, =m? 


So, by conservation of energy, E, =A E, or, u mv? =SMm_ 


2GM 2 
= 2 IS soggette hae (1:33) 


Thus we see Ne like orbital UN. 


escape velocity does not depend on mass of the body to be 
projected. 


9 Discussion : 
(i) Value of v, for earth : In this case R = 64 x 105m, g=9:8 m/s? 
2x9.8x64x10? m/s = 11-2 km/sec 


(ii) Relation between Ve and vọ : The orbital velocity of a satellite which is near the earth's 
surface is vg = VgR 
is Ve i Vy = V2gR : /gR = 42:1 


(iii) In the case of a body projected from a point at a height / from the earth's surface, 


l ny. 2 = GM ; _ [26M 
Oe 6s REN m TVE SNR Eh 


(iv) squaring both sides of equation (1-27), we have v? = 2gR = (2R)g 


we write 


v," = diameter of the earth x acceleration due to gravity. 


So, the square of the escape velocity is equal to the 
due to gravity on the surface of the earth. 


(v) If the earth is supposed to be a sphere of uniform density, p 


then M = E x R)p 


: 2GM 
escape velocity, V, = EUM 
2npG 
PE 2R y 3 


V, 
242 
= LER npG =1-63RnpG 
45 : : 


product of diameter of the earth and acceleration 


si t MOS M LP toys (1-34) 
It is the expression for escape velocity in terms of density and radius of the earth. 
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(vi) The expression for escape velocity has been derived by neglecting the resistance of earth's 
atmosphere. At such high speed v, = 11:2 km/s, air resistance is also very high. In practice the actual 
escape velocity on the surface of the earth is much higher than given by equation 1-33. 

(vii) Light gases are rarer in earth’s atmosphere : Light gases like hydrogen, helium etc. are rare 
in earth’s atmosphere. It can be explained by the concept of escape velocity. If a particle has velocity 
greater than escape velocity for the earth, then they will escape from earth’s atmosphere. 

At the early stage of formation of the earth, the temperature was quite high. So, the r. m. s. velocities 
of molecules of lighter gases were very large and a larger part of these gases had velocities greater than 
the escape velocity. Hence they were lost in space. This explains when the lighter gases are rare in 
earth's atmosphere. à 

(viii) Moon has no atmosphere : We can also explain it by the concept of escape velocity. As the 
mass of the moon is less than earth's mass, so the escape velocity from the moon is quite small. It is about 
2-4 km / sec. Initially when the temperature of the moon was high, the r. m. s. velocities of the gas 
molecules was of the same order 3s the escape velocities. So they escaped from the moon. f 


1.36. Weighlessness in orbiting satellite : 

Weight of a body is the earth’s gravitational attraction. So if the earth’s attraction can be balanced, 
then the body becomes weightless. If a body rests on a surface, its weight acts downwards i.e. the body 
exerts a force on the surface. Then by Newton’s third law, the surface 
exerts an equal and apposite reaction on the body. We feel this reaction as 
our weight. 

Example : If a lift descends freely then everything in the lift has down- 
ward acceleration a = g. Hence the reaction R = m(g —a) = m(g — g) = 0. As 
a result a person if present in the lift will feel weightless. 

Let an artificial satellite is revolving the earth in a stable orbit of radius 
r (r7 R, radius of the earth). 

2 
Centripetal acceleration, of the satellite, a, = Zo. where Yo = orbital 
r 


Speed of the satellite. So, the centripetal force, F, =ma,. 


Let an astronaut be inside the satellite. The forces acting on him are (i) his weight mg’ (ipae 
acceleration due to gravity at the position of the the satellite ) and (ii) oppositely directed reaction force 
N applied by the surface on which he stands. Obviously, the resultant of these low forces produce the 
necessary centripetal force. 

mg’-N= ma, 
Now, orbital velocity, V= gr 
Ps 
NUS $ my 5n Voi. CASS CA E 
= m(g'-a;) e m| g=- |2m(g'-g)-0. 


the normal reaction is zero. So, the gravitational force on the astronaut is zero. As' a result he 
will feel himself weightless. This is the condition of weightlessness inside a satellite. 


Ex. 1:27 : Two material objects each of mass 6:4 kg are at a separation of 0-16 m. From the 
point P equidistant from both the objects, a particle is released. The distance of P from the line 
joining the two objects at A and B. [Fig 1.21] is 0-06 m. When the point from P cross the point Q, 
what will be its velocity. Here Q is the mid point of the line AB. 
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E] 
Solution t The situation is shown in fig. m is the mass of the particle released from P. Now, by the 
principle of conservation of energy, sum total of kinetic energy and m p 
potential caergy of the particle at P will be equal to the kinetic and ^ 
| energy at Q va 


5 0-06 
+g em e, [ where v = velocity of the particle at.) m Di " 


i m 
0 28 Gd 
ER, emp md B, m Pies tiem —^ 


s Dm by a Fig. 121 
{r «26m (35-35) AP = Y(0-08)? - (0-06)? 
"ET 67x10" x6-4x( sheaths) =0:10m 
42-7107 MONLUN 
ms64kg 


y = 6:53x 1077 ma^! 


Q. L Gravitational force is a mutual force. Then why a body falls towards the earth and not the 
earth towards the body ? 

Ans. The force of attraction of the earth on a body is equal to the force of attraction of the body on 
the earth. But acceleration produced in them are not equal. Let m be the mass of the body and M be the 
mass of the earth. Then the mutual gravitational force between the earth and the body is. P = Mm 
[ r » distance of the body from the centre of the earth ] A 


Now, the acceleration of the body towards the earth is atit and the acceleration of the 


earth towards the body is 8) = i = SF 4 


since M», <L e A »l 
üy m 


The acceleration of the body towards the carth is much greater. For this reason, a body falls towards 
the earth and not the carth towands the body. : 

Q. 2. If the earth stops rotating what is percentage increase in weight of a body at the equator? 

Ans. Due to the earth's diurnal rotational moion, a body on the earth's surface experiences a centrifugal 
force due to which the body loses a part of its weight. Effective weight of the body is 

wW mwm? R cos A. [- X. latitude of the places ] 

If the carth stops rotating, w= O the w = w 

Increase in weight of the body, Aw = mco*R cos? A. 

So, the percentage increase the weight of the body at the equator is 


?R 
= a To [À = 0) 
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M5 
wR 
re @=7:27x107 rad/s 
$2, 6400 x 107 ) 
= (7 27x10 27 XS * 100 R = 6400 x 10? m 
= 034% : g$9:8miy? 


| four times the radius of the moon, compare the values of acceleration due to gravity on the surface 
] 9f the earth and on the surface of the moon. 


: GM 
Ans. Acceleration due to gravity on the surface of the canh, Se * ^E and on the surface of the 
» LJ 


GM, 
moon, fm * —7 
R,, 
8e 9"4,935:1 


Q. 4, If the distance of the sun and the earth be half of its present value, calculate the number 
of days in a year. 


Ans, From Kepler's third law : The square of the time 


period of revolution of a planet round the 
sun is proportional to the cube of the mean distance of the planet from the sun. So, T? œ p? 


2 2 3 
M M nde a? eni 
e T r r 


E 1 J- 365 
T= 365» (3 2 n 2 days. 
No. of days in a year = 129 days. 


Q. 5. Mass remaining same if the radius of the earth decreases by 1% what ís the percentage 
- change of acceleration due to gravity ? | H. S. 1998 | 


l 
Ans. We know, at the surface of the carth, & & ru | R = earth's radius | 
Ld k 
TEST 


R? [ k = a constant ] 


AR 
* differentiating, E ES Here AR =i% 


3 E - 2x pm 2 


Acceleration due to gravity will decrease by 2%, 


(except at the poles) 
because a centrifugal force act on the body due to carth’s roational motion. The effective weight 
mg’ = mg — moPR cos? 2 ( X = latitude of the place ] 

^*^ g =g- WR cos? À [ € = angular velocity of the carth | 

- 6) If the earth stops rotating, 00. No centrifugal force acts on the body. Now, 


KR {ag 50, the 
of acceleration due to gravity increases by Ago Roos? X. 
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(ii) On the other hand, if the rotational speed of the earth increases, angular velocity also increases. 
Then centrifugal force increases. So, effective value of acceleration due to gravity g' decreases. 

If must be mentioned that the value of acceleration due to gravity will not be affected due to variation 
of @. 

Q. 7. From the top of a tower, a ball is thrown upwards and another ball is thrown downwards 
with the same velocity. Which ball will reach the ground with greater velocity ?  [ J. E. E. 1996] 

Ans: Both the balls will reach the ground with the same velocity. 

Reason : Let both the balls are thrown with the same initial velocity u. The first ball which is 
‘thrown upwards, will have the same velocity u (downwards) when it come back to the point of projection. 
Evidently both the balls will have the same initial downward velocity u. They travel the same vertical 
distance (equal to the height of the tower ) with the same acceleration equal to g. So they will reach the 
ground with the same velocity. 

Q. 8. From a point two stones are allowed to fall, one starts falling with zero initial velocity and 
the other starts with an initial horizontal velocity. Which stone will touch the ground earlier ? 

[ J. E. E. 1988] 

Ans. Both the stones will touch the ground at the same time. 

Explanation : For he first stone, initial vertically downward velocity u = 0. If the height of the place 
2h 

g 
Again, the second stone has an initial horizontal velocity, but no vertical component of velocity. So 


its vertically downward velocity u = 0. So it takes a time t, to descend the height h than A = sat,” 


2h 


g 
Since ¢; — t5, both the stones will take same time to reach the ground. 


be h and if it takes t, sec to reach the ground then, h=3 gt? SUB 


b= 


Q. 9. What will be the value of acceleration due to gravity, if the length of a seconds pendulum is 
taken as unity ? [ J. E. E. 1988 ] 


Ans. Time period of a simple pendulum is T = 2x js 

for the seconds pendulum T = 2 sec. So 7 = g/n^ Now, if /=1 then g= n? =9-87 unit of 
length / sec? 

Q. 10. The mass and diameter of a planet are twice those of earth. What will be the period of 
oscillation of a pendulum on this planet, if it is seconds pendulum on earth ? [ J. E. E. 1995 ] 


Ans. Time period of a simple pendulum T & di 
8 


Jp 
e ea: ; : i 
T, £, [ T, = time period on earth, T = time period on the planet ] 

H > = GM, 

Now, accleration due to gravity on the earth's surface, 4e = R2 and deceleration due to gravity 
GM, i 
on the surface of the planet, £p 7 R2 
Pp 


1 
7X 4= 2 Ty =T, V2 = W2 sec. 
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Q. 11. A lift is moving upwards with an acceleration f. What will be the period of a simple 
pendulum suspended from the ceiling of the lift ? If the lift now falls freely what will its time period? 
[ J. E. E. 1992 ] 

Ans. When the lift is stationary the initial time period of the pendulum is T = 2n JI/g 
when the lift moves upward with an acceleration f, the effective upward acceleration will be g’ = g-- f 


[1 | I 
So, it: ti iod, T 22*.]— = 2x. |—— . 
0, Its new time perio g gtf 


Evidently T' « T. So, the time period will decrease. 


2nd part : If the lift falls freely, its downward acceleration f =g. So the effective acceleration is 
8 =g-f =g-g=0. Hence the time period will be infinity. It means that the pendulum will stop 
oscillating. 

Q. 12. If the mass and radius of the earth be half of its present mass and radius, what will be the 
length of a day ? Calculate also the number of days in a year. 


Ans : First part : According to the principle of conservation of angular momentum, 


I, 0; =1,0, 
2 I 
or, eR AO TE 1 5 T+T, 
j T Tə Tow am I, 
Now, initial moment of inertia 1, = 2m? and T, =24 hrs. and final moment of inertia 
2 
EMR M qa 
bes x Ft 
T=} x 24 =3hrs. 


Now, the number of hours in a day is 3 hrs. 


2nd part : Period of revolution of the earth round the sun does not change so, the length of the year 
does not change. Hence the number of days in a year is 365 x 8 = 2920. 


Q. 13.. A person in an artificial satellite orbiting the earth in a stable orbit feels weightlessness. 
Explain. [ H. S. '95, *92, *90 ] 

Ans. Vide Art 1.36. 

Q. 14. If the value of gravitational constant G decreased gradually, what will its effect on the 


motion of the moon ? Explain clearly. [ J. E. E. 1990 ] 
GMm 
Ans. Force of attraction of earth on moon, F = 2; If the value of G 
r 
remain unchanged, the move will revolve round the earth in an stable orbit. On A 


the other hand, if the value of G gradually decreases, earth’s attraction will 

gradually decrease. As a result, the radius of the moon’s orbit will gradually 

increases. So the moon will now rotate in a orbit whose radius increases 

continuously [Fig 1.22]. 
Q. 15. A satellite carrying an astronaut is placed in orbit by a rocket. 

What changes in weight will the astronaut feel (i) during launch, (ii) in Fig. 1.22 

orbit ? Explain your answer. [ J. E. E. 1997 ] 
Ans. (i) At the time of launching the astronaut will feel heavier. 
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Reason : When the satellite upwards with an acceleration, the anstronaut will the reaction as his 
weight. now, the reaction acting on him is N = m (g + a) where ‘a’ is the upward 

de Lc acceleration of the satellite. Evidently R > mg Hence he will feel heavier. 
(ii) When the satellite moves in a stable orbit, the astronaut will feel wei ghtless. 


Reason : The different forces acting on the astronaut are (i) his own weight 
T 


niia mg towards the centre of the earth and (ii) outward normal reaction. So the necessary 
ig. 1.2. i ý 
centripetal force is 


2 
F, = mg-N S E = mg-N 
Bu vy = VeR (orbital velocity ) 
ROR) = mg-N A4 N=0 


So, the apparent weight of the astronaut is zero. 


Q. 16. An object is projected vertically upward with a velocity u. Show that the maximum 
2 


height reached by the objectis ^ = V Calculate escape velocity from it. 
gR-u 


Ans. Let the mass of the object be m. Then its initial kinetic energy, E, = lm. It potential energy 


R 
At the maximum height / its kinetic energy, 


on the surface of the earth, E D GMm 


-GM 
E; = 0 and potential energy, Ej = u 


R+h 
Then by the principle of conservation of energy im ur + E - Sum 

Seg tlh RD EE: _ GMmh 
zur Mgr ix Eds R(R+A) t 
2 _ 2GMh  2gR?h j HRE 
"CT RRI RRIA |“ CM=eR?] 

2 
w(R+h)=2eRh ~ h= R 

2gR -u 


2nd part : Now, u = Ve (escape velocity) and h = co 
2gR = w^ 1 y, = J2gR 


Q. 17. Will the escape veloci 


ty be same for a body at rest on the surface of the earth and for a 
body revolving the earth ? 


Ans : The value of escape velocity will not he same in both cases. 
Reason: Fora body at rest on the surface of the earth, the escape velocity is 


v, = yeh = [20M 


R 
But for a body revolving the earth in a stable orbit near the earth’s surface, its total energy is 
ge-GMm, 1, iecOMm 1, GM — 1 GMm 
RD R 2 R 2R: 
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If the escape velocity be Y, , then 


1 2.1. GMm ^ | , 
97 v.) 73 : = A LAE Rd saa Lon 


Q. 18. What is the change in gravitational potential energy of a body of mass m when it is raised 
to a height equal to earth's radius. Value of acceleration due to gravity on the earth's surface = g 
Solution : Gravitational potential energy of a body of mass m on the surface of the earth is 
GMm 


B-neuc Mm 


P R 
Its potential energy at a point above the earth’s surface at distance r ( r > R, earth’s radius) from the 
centre of the earth is 


(pea SUS 


Gravitational potential energy at a height equal to earth’s radius from its surface is 
GMm j 

2R 
Increase of potential energy A E, - Ey - E, 


E, =- [r = h+R=2R] 


= l.1].16GMm 
AE, =GMm| 3 4] = 2 R 
2 
gR^m _ 1 
AE, 2R 7 2 "'sR 


Q. 19. If the radius of the earth shrinks by 1". what will be the change in length of a day ? 


2 7 
Assume the earth to the a uniform sphere and its moment of inertia, I = = MR? » M= mass and 
R = redius of the earth: [J. E. E.] 


Solution : Here the principle of conservation of linear momentum is applicable. So, I, @, = I, @, 


hp cia I, = 2M? 

t = 2 T Fuere 

bo ‘j= uw hrs. b 2 $M(n--A,] -2229 
T, =? p E 


Decrease in length of the day is 


99 x24 


iop- = 0:24 hrs. = 14 min 24 sec. 


= T,-T, =24- 


Phy (1)—24 
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* MISCELLANEOUS EXAMPLES e. 


Example 1-28 : Calculate escape velocity from the surface of the moon. Given, radius of the 
moon is 1-7 x 105 m, mass of the moon = 7:35 x 1022 kg; G = 667 x 10711 N m? kg? 


P [2 GM 
Solution : We known escape velocity v= Re G = 6.67x10-"g] 


_ [2x6-67x107!! x7.35 x10 M=7:35x 10 kg 
se 1-6 x 108 R-1:6x105 m 


= 24x10? ms! = 2.4 km s"! 
Ex 1:29: A rocket is projected vertically upward with a velocity of 10 km/s. To what maximum 
height it will rise ? Radius of the earth — 6400 km. Neglect all types of frictions. 
Solution : Total energy of the rocket at the time of projection is 


pal UI -GMm : 
BSE, +E, => mv + eR 
At the highest point, kinetic energy, E,=0 [asv=0] 
Total energy of the rocket at the highest point is 


E” = Potential energy at the highest point = ERRAT 


By conservation of energy principle, E = E’ 


1 „y2, GMm _ -GMm 
QU. RINE 
lj. GM (i-z) ETER E 
R R+h R R+h ier: 
v = l0" ms 
vR 
R'a —— 
2gR -y? R = 64x 105m 
108 x 6-4x10$ g= 9m 


/ 2x9-8x6-4x 10 108 
= 2:5x107 m = 2-5x104 km 
Ex. 1:30 : How much work is required to be done for a rocket of mass 2000 kg to shift from its 
initial orbit of radius 2R to another orbit of radius 3R. R = earth’s radius = 6400 km. 
Solution : We know that total energy of a satellite which is revolving in a orbit of radius r is, 


SS GMm 
Es Dh E 
Total energy of the satellite when r = 2R, E, --i e 
and total energy of the satellite when r = 3R, E, = -4 ue 
A 1 GMm (1 1 GMm 
Energy diff. ARSE By e a m et 
gy difference, 2-Ei Trees E ] s 
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Required work = "ek = ig X2000x 9-8 6-4» 105 = 1.045 1910 J 


Ex. 1:31: A satellite of mass 300 kg is revolving around the earth in a orbit at a height of 700 
km from the surface of the earth. 


Calculate : (i) kinetic energy (ii) potential ene 
6x 1074 kg ; earth’s radius —6.4x 10°m, 
Solution : 


rgy and (iii) total energy. Mass of the earth 
and G=6-67 x10"! N m? kg, 
Distance of the satellite from the centre of the earth r=R+h = 7:1x10°m 
(i) kinetic energy of the Satellite, E, =} m 
E, = $:67x107!! x 6x 19024 x300 

= ——X0x10"x300 


-28.7x10? J 
2x7-1x106 


(ii) Potential energy, E, == Mm --XE,) = 174x109 J 


(iii) Total energy, E=E, +E, =(8-7-17-4) x10? 


Ex. 1:32 : Two bodies of m. 
attraction they approach each 


=-8-7x109 J 


asses M and m are initially at in| 


finite distance apart. Due to mutual 
other. When they are at a sepa. 


ration r, show that their velocity of 
approch is V8 (M em) 


Solution : Initially the bodies are at infi 
Also, initial kinetic energy is zero as the 
Total initial energy = 0. 
Due to mutual gravitational force when they are at a separation 7; 
and that of mass m is v. So their relative velocity of approach, 
Now, by the principle of conservation of momentum, 


nite distance apart. So their initial 


potential energy is zero. 
bodies was initially at rest. 


v4 


let the velocity of the mass M is V 
vR=V+v 


O=mv-MV [ ~ v and V are in the opposite direction ] 
mv m 
= mk “ =V+v=—+v=7 — 4] 
v= 4 VR in nid (z ) 
Kinetic energy when the bodies are at a separation r is 
2 2 
colline diy. Laub i z)-i TERMI RM Vg. 
E, 75mv *3MV -$3mv l+ e3 "Ar RES er 
+M 


Now, potential energy at this position, E po Su 
By the principle of conservation of energy 


2 
Ek +E, ET e 1 Mm GMm o 
2: Mem r 


M 2 M. 
TRUE DS B ari 
2(M+m) r DOR NUM Em) 
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Ex. 1.33: A man on earth can jump to a maximum height of 2m. To what maximum height a 


1 m 
man will be able to jump in another planet whose density is 3 of the density of earth and radius is 


4 Lof the radius of the earth. 


Solution : Let the man can jomp to a height h, on earth and to a height hy on the planet. If the initial 
kinetic energy the same in both case then his potential energy at the highest point be also same on both 
the planets. 


Lj 
4 mg, hy =mgh, * hag" 


GM 
Now, acceleration due to gravity on earth is 8e d 


4 
Similarly, in the case of the planet, g, = T GR, Pp 


Be Re | Pe 
Zp Rp Pp 
x. Pe 
h, = u—x-—-xh, = 4x3x2=24m. 
Pt Rp. Pn 


Ex. 1.34: When a seconds pendulum is taken from the surface of the earth to the bottom of a 
mine, the pendulum loss 50 sec per day. Calculate the depth of a mine. Radius of the earth 
= 6400 km. 


Solution; AT = 43200 i 


If the depth of the mine be A, then the acceleration due to gravity at the bottom of a mine is 


an EPOR tte Ag. coe 
i = a(t z) Duae X 
loss of time per day, AT = 43200 4. 


= AT.R _ 50x 6400 
= 73200 ~ 4xx0 ~ 74. 
depth of the mine = 7-4 km. 
Ex. 1.35 : In the balloon expedition, a seconds pendulum is taken inside the balloon. When the 
balloon reaches the highest point the pendulum is found to lose 400 sec per day. Calculate the height 
of the balloon if radius of the earth be 6450 km. 


Solution : With increase in height, acceleration due to gravity decreases. Period of oscillation of the 
1 
pendulum increases, because T Œ => 
E" 
If the pendulum loses AT sec per day then, AT = 43200 =. 
If height of the balloon be A where acceleration due to gravity be g^ then 


2 
g'=g:—È -s(i- 2) [h << R] 
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g 
loss of time per day, AT 43200 t 
.AT.R _ 400x6450 
^3x43200 ^ 2x43200 ~ 29 97km 
Ex. 1.36 : A body is projected vertically upwards with a kinetic energy which is half of the 
minimum kinetic energy required to escape earth's gravitational attraction. Calculate the maximum 
height attained by the body. Take R = radius of the earth. [ L I. T. 1997 ] 


-2h 
R 


Solution : We know escape velocity, v, = ¥2gR 
corresponding kinetic energy E -im, zm», -mgR 


kinetic energy imparted to the body, E; = 4 mgr ( by question ) 
When the body reaches to the maximum height h, 


1 -GMm | GMm 

juR ee 

Loa GMm(, R 

2"8R -—q ( xu) 

1 E i i2 
z eR =R gui: OM= aR?) 
J o 5 IMEEM 

oR DO h=R. 


Ex. 1.37 : A satellite is revolving the earth on a circular orbit near the.earth's surface. What 
additional velocity be given to the satellite so that it may escape earth's gravity ? 

Radius of the earth = 6400 km and g = 9-8 ms~?. 

Solution : As the satellite is near the earth's surface, its orbital velocity, y= Vek . Also escape 


velocity from earth is v, 2 J2gR 
Additional velocity required for escape of the satellite 


Av =v, - v 2 (N2 -1) JgR =0-4xV9-8x6400x10° m/s 
e 


^ Àyz3:36 km/s. 

Ex. 1.38 : A geostationary satellite is revolving the earth whose height from the earth's surface 
is 6R where R is the radius of the earth, what will be its time period if its height from the earth's 
surface be 2:5 R, [ J. E. E. 1987 ] 


Solution : The requiréd relation T? œ 7? 


T 2 ñ 3 T, «1 day 

7) ee net 
=R+6R=7R 

2 ERA as. 

2^ 7R x62 ay =35R 


374 A TEXT BOOK OF PHYSICS 


Ex. 1.39 : A juggler is showing juggling with four balls. He is throwing and catching the balls in 
such a way that all the four balls are in motion. If all the balls rises to a height of 90 cm, calculate 
the velocity of projection of each ball. 

` When he is throwing the fourth ball, determine the position of the other balls. 
Solution : Yst Part : Each of the four balls rises to a height of 90 cm. So, the velocity of projection 


of each ball is 


u= J£ = 42x 980x 90 = 420 cm/s 
f Tee 2x40 6 sec 
2nd part : Time of flight of each ball, z 980 7 


Time interval between the throwing of any two balls = D 


So, we can say when the fourth ball is thrown, third ball has been thrown 3 sec earlier. 
The position of the third ball, 5 eu T ge? 


s ex 3 xosox( 3)" 767.5 cm 
3 


similarly second ball has been thrown Tt iF Tea "EE sec earlier, 
the height of the second ball, s, =420x 7^ 
lastly, first ball has been thrown ipw earlier 


2 
the height of the first ball, s, =420x 2- tx ssox(3.) 267-5 om. 
Hence the position of the three balls are 67.5 cm, 90 cm, 67:5 cm. 
Ex. 1.40: A planet is revolving the sun in a circular orbit. If the planet is suddenly stopped 


show that it falls to the sun after a time T Where T is the period of revolution of the planet. 


Solution : We have the relation, n ^R =~" ris =o "E 


2nY (GM , T? s 4R? s 
T)" Ri ths. = GM. SOKET onae ne remanet () 
Let the planet fall by a distance x t sec after it is dropped. 
dv | GMm ydo M 
d (R-x de (Re? 


. 1 2 Mm k 
Integration 2 R- * [ k = constant ] 
Again, when x=0, v=0. » k= AC 


= 0, =0 « =z -=—— 
At x v k R 


t 
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12, GM GM. GMx 
2. (R-x) R. R(R-x) 


by za [= d pay | x 
^" *YR-x "q^ VR " YR-x 
[m 20M vt 
t 
Í, = x M T Foe ce De pee Gi) 


Let xz-R.sinàO  - dx -2R sinO dð cos0 


Now, from equation (ii), R > 


R |R R 
L. H. S. of equation (ii) Í, 122) = Í, 2R cos?0 dé. 


R Li 
=R T (1+c0s 20) d8 « R. Z 


LN 20M. 


XR 
mae 86M - 


A. Short answer type questions : 


. What is the difference between gravity and gravitation ? 


State Newton's law of gravitation, What gravitational constant ? What is its unit in C. G. S. system ? 

[ H. S. 2002 | 
Why G is called universal constant. 
What is meant by “the value of Gis 6-67x 107! SI” ? 
Define acceleration due to gravity ? Give its relation with G, 
What do you mean by acceleration due to gravity ? Indicate where on the surface of the earth, acceleration will 
be maximum ? | H. S. 2003 | 
What is escape velocity ? Is its value the same on the surface of the earth and the moon ? [ H. S. 2003] 
The force on earth due to a 1 kg lead ball and the force on | kg lead ball by the earth—which force is greater 
? Explain your answer ? 
Gravitational force is a mutual force. Then why does a small body falls towards the earth ; but not the earth 
towards the body. Explain. 
What is meant by free fall ? Why does a body appear weightless during free fall ? 


. Two bodies are allowed to fall at the same time from the roof of a house. One is dropped from rest and the 


other is projected with a horizontal velocity. Which stone will reach the ground earlier ?  [ J. E. E. 1988 ] 


. Mass remaining unchanged, if the readius of the earth shrinks to half of its present value, Kr will be the 


acceleration due to gravity on the earth's surface now ? (Hint: 8g & ar £- 4) 
. What will be the value of acceleration due to gravity g if (i) earth stops rotating, (ii) rotational speed of the 
earth increases. | J. E. E. '86, '96] 
From the top of a tower two balls are thrown—are vertically upwards and another vertically downward with 
the same velocity. Which are will touch the ground with greater velocity ? [ J. E. E. 1986] 


[ Hint : same velocity ] 
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. length of a seconds pendulum is taken to be unity what will be the value of acceleration due to gravity? 
EN i [ Ans. 9:87 unit of lengtl/sec?] [ J. E. E. 1988 ] 


The mass and diameter of a planet are twice those of thë carth what will be the time period of a second 
= on earth ? [ Ans. 2-828 sec ] [ J. E. E. '90, '95 ] 


17, A lift is moving upwards with an acceleration f. What will be the changed time period of a simple pendulum 
suspended from the ceiling of the lift ? If the lift falls freely with an acceleration equal to the acceleration due 


to gravity what will be the time period now ? [ J. E. E. 1992 ] 
18. Why is tide not observed in a big lake ? [ J. E. E. 2000 ] 
19. ee 7 mgr aree np ore s ri ge RR 
20, What is escape velocity ? What is relation between the escape velocity with the orbital velocity of a satellite 
near the carth's surface ? [ H. S. 2001 ] 
21. What is geostationary satellite ? Why does a body weightless in an artificial satellite ? [ H. S. 2002 ] 
22. The acceleration due to gravity in a planet is 196 + If it is safe to jump from a height of 2m on earth what 
will be the safe height of jump on the planet. [Ans. 10 m] 
23. Show graphically how does the acceleration due to gravity change from the centre of the earth inside and 
outside of earth. [ H. S. '99 ] 
24. What is the difference between mass and weight ? [ H. S. 2000 } 
25. We can measure weight by spring balance and mass by common balance. Explain. [ H. S. 2000 ] 
26. How does the time period of a pendulum change if the diameter of the pendulum increase or length of the 
pendulum decrease ? 


27, Why moon has no atmosphere ? 

28. The weight of a body at the centre of the earth is zero. Explain. 

29. A pendulum is taken from equator to the pole. Will it go slow or fast ? Explain. 

3. Mass remaining unchanged if the radius of the earth decreases by 1%, what is the percentage change in 
acceleration due to gravity ? 

M. From the top of an smooth inclined plane a block is allowed to fall down the plane. At the same time another 
block is dropped vertically downward from the same point, Which one will reach the ground earlier and whose 


n. When a body is projected vertically upwards, its momentum first decreases, becomes zero at the highest point 
and then increases again. 1s the principle of conservation of linear momentum violated here ? Explain. 
MH. How does the weight of a body on the surface of the earth changes due to earth's rotational motion ? 
M. At what angular velocity of the earth a body at the equator will appear weightless ? 
35, A second's pendulum is kept in a lift which is moving upwards with an acceleration ‘a’, What will be its 
? 


37. If the earth stops rotating how does the weight of a body change ? 
38. If the angular velocity of the earth increases how does the weight of a body change ? 
39. Between the moon and the earth, in which case escape velocity is greater ? [ J. E. E. 1998 ] 
40. Show that a satellite follows the following law : 
Cube of the radius of the orbit is proportional to the square of the time period of revolution. 
4l. A body on earth is attracted both by the earth and the sun. At mid day these two forces of attraction are 
opposite, but at midnight these two forces are in the same direction. Will the weight of the body at mid night 


be greater ? 
4. If the value of the gravitational constant gradually decreases, what will be its effect on the motion of the 
moon ? Explain clearly, [ J. E. E. 1990) 


43. Two satellites are revolving the earth in orbits at the same height from the surface. The mass of one satelite is 
double the other. Which of the satellites will have greater speed ? 

44, Mass remaining unchanged, if the radius of the earth be twice its present radius, show that the weight of a 
body on the earth's surface radius to 25% of its initial weight. 

45. Show that in the case of vertical motion, time of ascent is equal to time of descent. 


46. 
47. 
48. 
49. 
50. 
51. 
5. 


53. 
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Calculate the difference in the value of acceleration due to gravity at the pole and at the equator due to earth's 
rotational motion. Radius of the earth R = 6400 km. 

If the angular velocity of the carth be such that a body at the equator appears weightless then what will be the 
length of the day ? Radius of the earh 6400 km, acceleration due to gravity 980 cm/s?, 

Why are light gasses like hydrogen and helium rare in earth's atmosphere ? 

A body is dropped from a orbiting setellite, What will happen to the body ? 

A car is moving along a circular road with constant speed. What will be the time period of pendulum suspended 
from the ceiling of the car ? 

A planet is revolving the sun in a circular orbit. Show graphically the variation of its potential and kinetic 
energy. 

The earth is revolving the sun in a circular orbit. Show that area described the line joining the sun and the earth 
per unit time is constant. [ J. E. E. 1987) 
The earth's radius is R and acceleration due to gravity on the earth's surface is g. How much work is done to 


raise a body of mass m by height h. ? [ Ans meh (144) | 


B. Essay type questions : 


13. 


(a) What we mean by ‘Gravitation’ and ‘gravity’, State and explain Newton's law of gravitation, Why is 
gravitational constant called universal ? 
(b) Define acceleration due to gravity. Show by graph how does the acceleration due to gravity change with 


distance from the centre of the earth both inside and outside the earth. [H. S. 1998] 
(c) How does the acceleration due to gravity changes due to earth's diurnal motion. [H. S. 1998) 
(a) What is the condition of putting a satellite at a height h from the earth's surface, Mass and radius of the 

earth an M and R respectively. Why is a body inside a satellite weightless ? [H. S. 2000) 


(b) Obtain the relation between the acceleration due to gravity and gravitational constant. 


. (a) Prove that the value of acceleration due to gravity decreases with height from the surface of the earth. 


(b) Deduce an expression for the acceleration due to gravity at a depth 'A' inside the earth. 

(a) Between mass and weight of a body which one is more intrinsic. 

(b) How can we measure mass and weight of a body ? 

(c) What are inertial and gravitational mass ? 

(a) What is a seconds pendulum ? Calculate its length if g = 10 m/s? 

(b) How can you measure height of a mountain and depth of a mine by a simple pendulum ? 

Show that the weight of a body at the centre of the earth is zero. [H. S. 2004) 


A What do you mean by acceleration due to gravity ? Determine how the acceleration due to gravity changes with 


the latitude of the place and from it, indicate where on the earth's surface acceleration will be maximum. 
[H. S. 2003) 


. What is escape velocity ? Is its value the same on the surface of the earth and the moon 7 [H. S. 2003) 
. If the earth ceases to rotate for some reason, calculate the percentage change in the weight of a body situated on 


the equator. (Radius of earth = 6400 km and g = 9:8 mc"?) (H. S. 2004] 


. (a) Why does a body appear weightless in a satellite ? 


(b) Deduce an expression for the orbital speed of an artificial satellite. Calculate the orbital velocity when the 
satellite is near the earth's surface. 

(a) State Kepler's laws of planetary motion. How can you establish Keplers law from the Newton's law of 

vitation ? 

(b) What is the gravitational potential energy of a body of mass m in the surface of the earth 

(c) How much work is done to raise the body from earth's surface to a height equal to earth's radius. 

What is geostationary satellite ? Calculate its height from the earth's surface. What is parking orbit ? 

Define escape velocity. Calculate the value of the escape velocity on the surface of the earth. How is this 

velocity related to the orbital velocity of a satellite near the earth's surface ? 


. Show by calculation that the orbital velocity of a satellite revolving round a planet in a circular orbit depends on 


1he average density of the planet. 
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(a) A body in a satellite is weightless. Explain. ES : [ H. S. 2000 ] 
(b) A satellite along with a astronaut is put into an orbit. What changes in weight will the astronaut feel (i) 


durring launching of the satellite (ii) When in stable orbit. [ J. E. E. 1997 | 


C. Simple numerical problems : 


1. 


Two solid metal spheres having radii 10 cm and 1 cm are placed so that the centres are at a separation of 1 m. 
If the gravitational force between the spheres be 15-5 x 10-5 dyne, calculate the value of gravitational constant 
G. Density of the metal = 11-5 gm / c.c. [ Ans. 6-68 x 10-8 C.G.S] 


2. Calculate the value of acceleration due to gravity on the surface of the earth from the following data : 


G 2 66 x10"! Nm? kg, average density of the earth 5x 105 kg m^; radius of the earth =6-4x 106 m. 
[ Ans. 8:85 ms? ] 


3. Calculate the mass of the earth from the following data : acceleration due to gravity 


4. 


29:8 ms?,G — 6-67 x 107!! SI. and radius of the earth 6400 km.[H. S. Tripura, 1992] [Ans 5-96 x10?4 kg] 


A stone is dropped form the top of a tower of height 400 m. Simultaneously another stone is projected vertically 
upward from the ground with the velocity of 100 ms~!, When and where will the stones meet ? 


: 4 sec after projection ; 78:4m top of the tower. [W. B. H. S. 2001] 


14. 


15. 


16. 


. A small satellite is revolving round a planet having density 10 g/c.c. Radius of the orbit of the satellite is 


slightly greater than the radius of the planet. Calculate the time period of the satellite. (G = 6-68 x 107* C.G.S 
units) [ Ans. 1 hr 26 min] [W. B. H. S. 2002] 


. The separation between the centres of two spheres of masses 50 kg and 10 kg is 30 cm. The gravitational force 


between the spheres is x mg-wt. If radius of the earth be 6 x 10° m, calculate mean density of the material of 


the earth. g = 9-8 ms? [Ans. 5-31 g/ c.c. ] 
At what height from the surface of the earth, the value of acceleration due to gravity be 196 of its value on the 


earth's surface ? Radius of the earth — 6-4» 108 cm. [ Ans. 5-710? m] 


At what height from the surface of the earth, the value of the acceleration due to gravity be tt of its value on 


the surface of the earth. Radius of the earth = 6-4 10° m. [ Ans. 4-8x10° km ] 
At what height and at what depth the value of the acceleration due to gravity be half of its value on the 
surface ? Radius of the earth = 6300 km. [Ans. 2608 km ; 3150 km] 


- Density of earth 5-5 g/c.c.; G.- 6.7x 107! SI. unit and radius of the earth = 6400 km. Calculate the value of 


acceleration due to gravity. [Ans. 9-9 m/s?] 


- A balloon is rising vertically upward, When its height is 390 m from the ground a stone is dropped. The stone . 


reaches the ground after 10 sec. Calculate the velocity of the balloon when the stone was dropped ? 


g = 9-8 m/s?. [ Ans. 10 m/s] [W. B. H. S. 1984] 
A particle is allowed to fall freely from a height 19-6 m. Calculate the time taken by the particle to cover (i) 
first Im, (ii) last 1m of its motion. [ Ans. 0-45 sec. (ii) 0-05 sec ] 


A particle is thrown vertically upward with a velocity u. After n seconds, another particle is projected from the 
same point and in the same vertical line with a velocity v. If the two particles meet each other at the greatest 
height for the first particle, show that 2(v — wu — ng) - ng. [W. B. H. S. 2004] 
A stone is dropped freely from a height of 90 m. Simultaneously another stone is projected vertically upwards 
along the same line with a velocity of 30 m/s. When and where will the stones meet ? 
i [ Ans. 3 sec ; 45-9 m] 
The distance of separation between two spheres of masses 800 kg and 600 kg is 25 cm. Calculate the gravitational 
potential at a point which is at a distence of 20 cm from the frist sphere and 15 cm from the second sphere. 
[Ans. 553x107? J kg! ] 
A man can jump to a maximum height of 1-5 m on earth. What should be the radius of the other planet so that 
the man can escape gravitational pull of the planet by jumping in the same way as on the earth ? Assume that 
the earth and the planet have the same density. Radius of the earth 6.4 x 105 m. [ Ans. 31x10? m] 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


31. 


32. 


33. 


GRAVITATION AND GRAVITY 379 


Calculate the minimum velocity to be given to a body so that it will escape earth's gravitational attraction. 
Given, G 2 6-63x 10! N -m kg ?, mass of the earth 5.97 x10?* kg, radius of the earth —6-37x 10° m. . 
[Ans. 11-2 km/s ] 
A boy is throwing balls vertically upward. When one ball reaches the maximum height, he throws the other 
ball. If he throws two balls per second, calculate the maximum height attained by each ball. g = 10 m/s? 
[ Ans, 1-25 m] 
A block is sliding down a smooth inclined plane form its top. At the same time another block is let fall 
vertically downdward from the same point. (i) which block will reach the ground earlier and (ii) which block 
will have greater velocity on reaching the ground ? [ Ans. (i) second block (ii) same velocity ] 
The distance between the sun and the earth is 1-5x 10! m. G=6-66% 107!! Nm? kg? and time period of 
revolution of earth round the sun is 365 days. Calculate the mass of the sun. ! [Ans. 1:97x10?? kg] 
What should be the angular velocity of the earth so that a body at the equator will appear weightless ? Average 
density of the earth =5-6gm/c.c. and G =6-67x10 C.G.S. [Ans. 1:95x 10^? red / sec ] 
A ball of mass 10 kg is projected vertically upward with a velocity of 2 ms"! from the top of a tower of height 
10 m. What will be its kinetic energy when it is about the touch the ground ? g=10m/ s 
[Ans. 19 J] [J. E. E. 1994 ] 
A shell is fired from a gun vertically upward, with a velocity of 300 ms"!. Calculate (i) maximum height 
attained by the shell (ii) time of asent (iii) velocity of the shell 15 sec after firing. 
[ Ans. (i) 4592 m (ii) 30-6 sec. (iii) 153 m/s ] 
[ W. B. H. S. 1999 ] 


. What should be the length of a simple pendulum on the moon so that its time period is equal to the time 


period of the simple pendulum on earth. (mass of the earth is 80 time that of the moon and radius of the earth 


1 
is four time that of the moon). [Ans. 1 TS, |] [ J. E. E. 1992 ] 


. The wt. of a body on earth 63 N. What would be its weight at a height equal to half of earth's radius ? 


[ Ans. 28N] 


. The diameter of a planet is four time that of the earth. If a seconds pendulum on earth is taken to that planet, 


what will be its time period ? [ Ans. | sec] 


. At what depth below the earth's surface, the value of acceleration due to gravity be 196 less than its value on 


the earth's surface ? — Earth's radius = 6400 km. [ Ans. 64 km] 
The time period of second pendulum is same at the top of a mountain and at the bottom of a mine. If the height 


of the mountain be H and the depth of the mine be h, calculate the value of the ratio H : h. 
[Ans. H: h 2 1:2] 


. A second pendulum gives correct time at the bottom of a building of height 1482m. If the pendulum is taken 


to the top of the building how much time will it lose per day ? Earth's radius = 6400 km. — [ Ans. 20 sec ] 
The time period of a simple pendulum is 2-85 sec. If the length of the pendulum is increased by 20 cm, its time 
period becomes 2:99 sec. From these observations, calculate the value of acceleration due to gravity. 

[Ans. 9:89 ms] 
A second pendulum loses 20 sec per day. How its length has to be changed so that it may give correct time 
again ? [ Ans. length to decrease by 0-046 cm ] [ J. E. E 2003 ] 
The moon revolve the earth with time period 27-3 days. Show that the centripetal acceleration of the moon is 
equal to the acceleration due to gravity at the surface of the moon. [Radius of the earth 26:4 x 105 m, radius 
of the moon’s orbit —3.8x105 m.] [ J. E. E. 2003 ] 
A seconds pendulum gives correct time at a place where acceleration due to gravity is 981 cm/sec?. It is taken 
to a place where the acceleration due to gravity is 980-32 cm/sec?. Calculate the loss or gain of time by the 
pendulum. [Ans. 30 sec.] 
A pendulum which gives correct time on earth is taken into a lift which is moving upward with an acceleration 
2.5 m/s2. How much time will it gain per minute ? g = 10 ms?. [ Ans. 7 sec fast ] 
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35. An artificial satellite is revolving the earth at a height of 700 km from the earth's surface. Calculate the orbital 


velocity of the satellite. Radius of the earth — 6400 km, g = 9-8 m/s?. [ Ans. 7.5x10? km/sec] 

36. A man jumps from a plane with parachute and descends 50 m freely. When parachute opens the man im 
descends with a retardation of 2:0 m/s2. At the time when he touches the ground, the velocity is 3 ms. 
Calculate the time of fall. Also calculate the height from which the man jumps. [ Ans. 17-3 sec ; 293 m] 

37. When the length of a simple pendulum is increased by 1 cm the time period increases by 0-01 sec. What is the 
initial length of the pendulum ? v [Ans. 100-6 cm] 


38. The radius of a planet is 600 km and density 510? kg/ m°. Calculate the maximum temperature of the plane 
at which the oxygen will not escape from planet. 


Bone prt y 
" =,/—-G za: Ans. 1018°C 
[ Hints: Vy 74267" P M [ ] 


39. A planet revolves round the sun in a circular orbit and its time period is T. If the planet is suddenly stopped, 


WI 
after what time it will fall into the sun ? [Ans t rd 


40. If the time period of a satellite be 2 hrs, what is its height from the surface of the earth ? Earth’s radius, 
R = 6400 km. [ Ans. 1680 km ] 


41. A satellite is revolving the earth at a height of 3200 km from the surface of the earth. If it is suddenly stopped 


in the orbit, with what speed will the satellite reach the surface of the earth ? Earth's radius = 6400 km. 
[Ans. 6:47 km/s] 


42. When the length of a simple pendulum is increased by J, its time period changes from T, to T}. Show that 


árl 
f T! SAH 
43. The mass and diameter of the planet jupiter an 309 times and 11 times respectively compared to those of the 
earth. Calculate the value of acceleration due to gravity on the planet. [ Ans. 25 n/s?] 


44. A man is put in a circular orbit at a height of 1-6x10°m above the earth's surface. Radius of the earth is 
6:37 x10 m and mass 5.96x 107^ kg. What is the orbital velocity of the man ? 


(G 26:67x107! N n? /kg?) LJ. E. E. 1992 ] 
45. A satellite is revolving the earth at a height of 700 km from the surface. Calculate orbital velocity of the 

satellite (Earth's radius 6300 km, g = 9-8 m/s?) [ Ans. 7454 km/s] [J. E. E. 1992 ] 
46. The mass and diameter of a planet are twice those of the earth. If a seconds pendulum is taken from the earth 

to that planet, what will be its time period ? [Ans 2/2 sec] [LIT] 
47. The value of acceleration due to gravity on earth is 10 ms-?. What will be the value of acceleration due to 


gravity on the planet mars if its mass be $ times the earth's mass and radius E times the earth's radius. 
[ Ans, 8 ms?] 
48. The time period of a simple pendulum is 1-96 sec. If its length is increased by 10 cm, its time period increases 
by 0-1 sec. From this observation, calculate the value of acceleration due to gravity. [ Ans. 9-81 ms?] 
49. A simple pendulum makes 40 oscillations in 2 minutes. If the diameter of the bob of the pendulum be 3-28 cm, 


calculate its length. [ Ans. 222 m] 
50. Weight of a body on the surface of the earth is 20 kg. What will its weight in the following cases : (i) at a 
height equal to earth's radius (ii) at a height equal to twice the earth's radius. [ Ans. 5 kg ; 22 kg] 


51. Show that if the angular velocity of the earth be 17 times the present angular velocity of the earth then a body 
at the equator will be weightless, Also calculete the length of the day under this condition. — [Ans. 1-4 hrs] 


WENE 
52. The mass of a planet is To of the mass of the earth and its radius i of earth’s radius. Compare the acceleration 


dué to gravity on the two planets. ie x [Ans.2 : 5] 
53. A plane is descending at an angle of 45° with the horizontal with a retardation of 2 m /s?, What is the time 
period of a simple pendulum of length 100 cm kept in the plane ? [ Ans. 1:87 sec ] 
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D. Harder numerical problems : 


T 


10. 


11. 


12. 


13. 


14. 


Three identical particles each of mass m are located at the vertices of an equilateral triangle with side L At what 
speed must they move if they all revolve under the influence of one another's gravity in a circular: orbit 
circumscribing the triangle while still preserving the equilateral triangle ? What is the time period of the 


Gm e 
circular motion ? Ans =| ; Te [LL T. 86 ] 


An artificial satellite is revolving in a circular orbit around the earth with a speed equal to half of escape 
velocity from earth. (i) Determine the height of the satellite above the earth’s surface. (ii) if the satellite is 
stopped suddenly in the orbit and allowed to fall freély on to the earth, find the speed with which it hits the 
surface of the earth. R = 6400 km[ Ans. (i) h = R= 6400 km (ii) 7-92 km/s] [II T.'90, J. E. E '96 ] 
The masses and radii of the earth and the moon are Mj, R, and M,, R, respectively. Their centres are at 
distance d apart. Find the miriimum speed with which a particle of mass m should be projected from a point 
4G(M, +M 

midway between the two centres so as to escape to infinity. | Ans v- ( d 2) [J E. E. '88] 

Two spheres having masses 800 kg and 600 kg are at a separation of 0:25 m. What is the gravitational intensity 
at a point which is at a distence of 20 cm from the first sphere and at a distance of 15 cm from the second 
sphere. [ Ans. 2:22x10 N kg^! ] 


. A lift is moving upward with an acceleration of 2 ms? When the velocity of the lift is 8 m/s a nail from the 


ceiling of the lift starts falling. If the height of the lift be 3m, after what time the nail will reach the floor of the 
lift. [ Ans. 0:71 sec ] 


. A stone is projected vertically upwards with a velocity of J gR where R is the radius of the earth. Calculate 


the maximum height attained by the stone. [Ans h=R] 
Two points P and Q are located on the same vertical time, P is above the point Q. A body is projected 
vertically upwards from the point Q such that it can rise upto P. Simultaneously another body is dropped from 
P. Show that when the bodies meet in space they have equal and oppositely directed velocities. Also show that 
the distances they travel during this time are in the ratio 3: 1. 

A rocket is fired vertically upwards from the ground with the acceleration 10 m/s?. If the fuel is exhausted after 
1 min, calculate the maximum height attained by the rocket. [ Ans. 36367:5 m] [ T. I. T. 76] 


. A body falling freely from rest travels half of the total distance during the last second of its motion. Calculate. 


(i) height from which the body is dropped, (ii) time of fall. [ Ans. (i) 56-65 m (ii) 3-4 sec ] 
A satellite is revolving the earth in a circular orbit. If the height of the orbit from surface of the earth of be h 


; ; Ma Fuss Uno era R14 3h 
calculate the time period of the satellite. Consider variation of g with height. | AnS. 17 ^T p tR 


Two satellites A and B of equal mass are revolving the earth along circular orbits. The height of the orbits from 
the surface of the earth are R and 3R respectively. (R = radius of the earth ). Compare the kinetic and potential 
energies of the two satellites. [Ans2:1 ; 1:2] 
A small ball of mass 100 g is suspended by a string of length 200 cm from a rigid support. Now the ball is 
rotated in a horizontal circle of diameter 100 cm. Calculate frequency of revolution and tension in the string. 
Jj [Ans.n = 0-38 Hz ; T= 115-47 gm-wt.] 
A satellite is revolving the each in a circular orbit near the earth's surface. What additional velocity be given to 
the satellite so that in can escape earth's gravity ? Radius of the earth = 6400 km ; g = 9:8 nys?. 
[Ans. 3:36 x 10? m/s] — [ Roorkee 1988 ] 
A simple pendulum is constructed by suspending a sphere of mass 1 kg by a copper wire of length 5 m and 
diameter 0:08 cm. Calculate the time period of the pendulum. Now a sphere of mass 10 kg is taken instead of 
1 kg sphere. Calculate the change in time period, if any. Young's modulus of Copper — 12-4x1099 N / n2. 
[ Ans. 4-488 sec ; 0:0035 sec] [ Roorkee 1998 ] 
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15. The mass and radius of a planet are half of those of the earth. If the temperature on the surface of the planet be 
800 K, show by calculation whether oxygen gas can exist in the atmosphere of the planet. Escape velocity from 
earth 11-2 km/sec. Boltzman constant. K = 1:38 x 10-23 J k-!, molecular mass of oxygen — 5-3x 1075 kg.] 

‘ [Ans. Yes] [ Roorkee 1984 ] 
16. The radius of a planet is twice the radius of the earth. But average density of the planet is equal to that of the 
earth. If the escape velocity from the earth be Ye show that the escape velocity from the planet is Yp = 2v, 
17. The gravitational potential at a point situated at a certain height from the surface of the earth is 
—5.2x10/ J kg"! and acceleration due to gravity 64 m/s2. Radius of the earth 6400 km. Calculate the 
height of the point from the earth’s surface. [ Ans. 1600 km ] 
18. An artificial satellite of mass 200 kg is revolving the earth in a circular orbit of radius 6670 km. Calculate 
kinetic energy, potential energy and total energy of the satellite (mass of the earth = 6-0 x 1024 kg ; G = 6:67 


x10-!! Nm? / kg? [Ans 6-0x10° J; -12:0x 10 J; -6-0x10°J] 
19. The distance of a planet from the sun is four times the. distance of the earth from the sun. Calculate the time 
period of revolution of planet round the sun. i [ Ans. 8 yrs ] 
20. The period of revolution of moon round the earth is 30 days. Calculate the distance of the moon from the earth. 
(G = 6.67 x 10-1! Nm? /kg? mass of the earth 60 x 1024 kg. [ Ans. 4-08 x 10° km ] [ Roorkee '84] 
21. What is the escape energy of body of mass 100 kg on the surface of the earth ? Earth's radius —6-4x 10° m 
and g=10m/s [Ans. 6-4x10° 1] 


iak 
22, A particle is moving along a circle under the influence of a centripetal force pz rl Calculate total energy 


; k 

of the particle [ Ans. -£] LELT] 

23. A body is revolving the earth in a circular orbit. height of the orbit from the surface of the earth is h. Work 
done to put the body in the orbit is equal to its kinetic energy. Show that h=R/2 ; R= radius of the earth. 


24. Show that Kepler’s second law can be derived from the principle of conservation 
of angular momentum. 


[ Hint : In small time dt the planet moves from P to Q. Area aiscussed , P 
dA slr.ros rtg TS 
2 2 5 
lA 


dA 12540 1 1 E 
areal velocity, E 58 t0 9739 


Where L-= angular momentum. If L = constant, E - constant, So, areal velocity 
is constant ] Fig. 1.24 
25. A body was falling from a height H. At a height A from the ground it hits an 


inclined plane and then moves horizontally. For what value of the ratio T the body will take maximum time 


to reach the ground ? [Ans 1:2] (LLT 1986 ] 
26. Distance between the centres of two stars is 10 cm. The masses of these stars are M and 16M and their radii a 
and 2a respectively. A body of mass m is fired straight from the surface of the larger star towards the smaller 
star, What should be the minimum initial speed to reach the surface of the smaller star ? Obtain the expression 


in terms of G, M and a. [ans iM [I.I T. 1996 ] 


ELASTICITY 


TOPICS : Some definitions in connection with elastic behaviour of material ; Elasticity 
and inter molecular force ; measurement of deformation : strain ; Internal forces and stress ; 
Different types of strain and stress ; Hooke's law ; stress-strain graphs of an elastic material; 
Moduli of elasticity : Young's modulus, Bulk modulus, rigidity modulus ; poisson's ratio ; 
Relation between elastic modulii and constant ; force constant of a spring ; work done in 
deforming a body ; Determination of Young's modulus of the moterial of a wire, examples. 


2.1. Introduction : 

Newton's first law of motion is concerned with the fundamental property of matter called inertia. 
Inertia is the tendency of a body to preserve its state of rest or of uniform motion. Newton's second law 
tells the effect of unbalanced force on the state of motion of a body and the body is accelerated. Newton's 
third law of motion is related to the most fundamental property of matter called elasticity which is 
responsible for the reaction force. For the discussion of the property of elasticity of matter we shall 
consider the change in volume or shape of the body and not the effect of force on the state of motion of 
the body. 

Elasticity is a general property of matter. When a system of balanced forces act on to a body, the body 
does not move as a whole, but its different portions. undergo relative displacement. Its original volume, 
size or shape changes and the body is deformed. Now every body tries to oppose this change in size or 
volume and an internal reaction force is developed within body. The reaction force opposes the change in 
shape or volume of the body. If the deformation is within a particular limit, the body returns to its 
original configuration’ as soon as the applied force is withdrawn. This property of the body is called 
elasticity. 

Definition : The ability of a body to regain its original shape and size, when the deforming force 
is withdrawn, is known as elasticity. 

Let a long thin wire is fixed rigidly at an end and we pull the other end by a force F. This force is 
transferred to the support of the wire. The support exerts an equal and opposite force F on the wire 
according to Newton's third law. This two forces balance each other, so that the wire does no move as a 
whole but gets elongated. It implies that different portions of the wire have undergone relative 
displacement. 

If a spring is pulled, it gets stretched. At the same time we feel that the spring also exerts a pull in the 
opposite direction on our hands. It is the reaction to the applied force and follows from Newton's third 
law. This reaction helps the spring to resist the deformation and as soon as we release the spririg, it 
regains its original length. This phenomenon is common to all objects and it is the general property of 
matter called elasticity. 


2.2. Some definitions in connection with Elastic behaviour of material : 

(i) Perfectly elastic body : A body is said to be perfectly elastic, if it recovers its original cofiguration 
as soon as the deforming force is withdrawn, whatever be the maguitude of the deforming force. 

However, no body is perfectly elastic. 

(ii) Perfectly rigid body : It is a body where no relative displacement between its different parts 
occurs under the acion of the deforming force, whatever be the value of deforming force. 

A perfectly rigid body can not be found in practice. However, glass is approximately perfectly rigid. 
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(iii) Perfectly inelastic or plastic body : It is a class of materials which retain its changed configuration 


even after the removal of the deforming force. 
This is also an ideal case and does not exist in practice. 
No body is perfectly elastic. It is found that most of the substances behaves as 
alue of the applied deforming force. When the applied force 
exceeds this maximum value of the deforming force, the body can not completely recover its original 
configuration, but acquires a permanent deformation. So, elastic limit is the maximum value of the 
applied force upto which the body remains perfectly elastic and when the limit is exceeded, the material 
of the body shows plastic behaviour. 
Evidently elastic property is the property of material of the body and is different for different materials. 
The degree of elasticity is determined by the magnitude of elastic limit. Higher the elastic limit, more 


elastic the substance. 


2.3. Elasticity and intermolecular force : 


Elastic property and behaviour of a substance is intimately related with the internal force between the 
molecules of the substance. We know that when 


two molecules are not very close, the resultant 
force between them is one of attraction. The 
attractive forces are the binding forces which hold 
the molecules within the material. On the other 
hand, if two molecules are pushed very close 
4 (distance r « 105m) then the electronic orbits of 
Distance(r) the atoms begins to overlap and repulsive force 
comes into play. So, the intermolecular force 
varies with the separation r in a typical manner 
as shown in fig 2.1. 


(iv) Elastic limit : 
perfectly elastic upto a certain maximum v. 
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From the fig we see that when 7-75, the 
resultant force on each molecule is zero. The: 


Fig. 2-1 


distance 7% is called the equilibrium separation between two molecules in the normal state of the body. 
When r «75, the intermoleculer force is repulsive and when r>7 the intermolecular force is attractive. 


When the material is in its solid form, it has definite arrangement of molecules and the resultant force 
on each molecule is zero. When the solid is deformed, the molecules are either pulled apart or pushed 
close to each other. The equilibium is disturbed. If the body is stretched, the molecules are pulled apart. 
The intermoleculer separation exceeds 7 and attractive forces appear within the body which try to restore 
the molecules to their respective equilibrium position. Similarly, When the body is compressed, the 
intermoleculer separation becomes less than rọ (i.e. 7 «/5) . Now, the intermolecular forces of repulsion 
come into play which try to recover the original shape and size of the body. 

When the material is in its liquid form, there is no definite arrangement of molecules inside the liquid. 
But the forces resisting any change in equilibrium separation is still sufficiently large. For this reason, a 
liquid has definite volume. 

Similarly, at a given temperature and pressure a gas has definite volume. 

Liquids and gases do not resist changes in their shape. For these materials only volume deformation is 
to be considered. But for solids, three kinds of elastic deformations namely, deformation due to change 
length, deformation due to change in volume and deformation due to change in shape has to be considered. 
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2.4. Measurement of deformation. : Strain 

We use the term strain to express the amount of deformation produced in a body. 

Definition : Strain produced in a body by the deforming force is defined as the fractional change in 
dimension being deformed. 
change in dimension 

original dimension — 

As strain is a ratio of two similar quantities, so it has no unit. By dimension we mean length, volume 
or shape of the body. For solids we use the term longitudinal strain, volume strain and shear strain to 
express the change in length, volume and shape respectively. For liquids and gases we consider only 
volume strain. Longitudinal strain and shear strain has no meaning for liquids and gases as they have no 
definite shape. 


strain = 


2.5. Internal forces and stress : 

When a body is deformed or strained, internal forces appear inside the body which try to recover the 
original configuration of the body. This internal force is the reaction to the external force. So, the internal 
force is equal and opposite in direction to the applied force. 

This internal or restoring force per unit area created due to deformation is known as stress 
Internal or restoring force 


; Area 
As internal force is equal in magnitude to the applied force, so stress is measured by the applied force 


per unit area. So, from the measurement point of view 


stress = 


_ Applied force _ F 
sesam Ar 


The unit of stress is N72 or Pa in SI system and in C. G. S. system its unit is dyne / cm?. Its 
dimension is [Mr T 

2.6. Difference Types of strain and stress : 

As mentioned in article 2.4, we can produce three types of strains in solids. These strains are named as 
(i) longitudinal strain (ii) volume strain and (iii) shear strain. The corresponding stresses are longitudinal 
Stress, volume stress and sheer stress. 

(i) Longitudinal strain and stress : We take the material in the form of a bar or wire. Here length of 
the specimen is much greater than its cross section. Now a pair of equal and opposite force is applied at 


the two ends of the specimen and along its length. The specimen is deformed in length only. This strain 
is called longitudinal strain. The corresponding stress is called longitudinal stress. 


K————— L—————3À 


(a) P Q 
L 
(b) F 
Qe i 
S cm UI au Se COR. H à 
d FUE FF EE 
Fig.22 Fig. 23 


In Fig 2.2, PQ is a uniform bar of initial length L and cross section A. Due to the longitudinal pull it 
is stretched by /. The bar is said to be under tension. 


Phy ()—25 
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On the other hand, if the bar is subjected to pushes at the two ends by applying the forces F, F in the 
reversed direction [ Fig 2.3]. The bar is said to be compressed. 

The longitudinal strain of a bar under tension ( or compression) is defined as the change in 
length per unit initial length. 


L N Ẹ 
longitudinal strain — T, and longitudinal stress =", 


(ii) Volume strain and stress : It relates to the change in volume. If the deforming forces are so 
applied that only a change in the volume of the body 
takes place without any change in its shape, the body 
is said to undergo volume strain. This happens when 
the body is subjected to a uniform pressure from 
all sides. [Fig 2.4]. Pressure is the normal 
compressive force per unit area. 

Heré the applied pressure is P and volume 
changes from V to V —v- 


s y i ig. 2- il 
volume strain — 7 and volume stress = P © Figeat a) 


(iii) Shear strain and stress : Shear strain relates to the changes in shape without any change in 
volume. If the forces are applied tangentially, the body is deformed in shape. 

Consider a rectangular block, whose lower force 
ABCD is fixed and upper force PQHG is subjected to 
tangential force F [ Fig 2.5]. A reaction force acts on 
the lower force. As a result, the shape of the block 
changes. The rectangular face PGBA assums the shape 
of a parallelogram. P’G‘ BA. 

The rectangular block become a parallelopiped. The 
Fig. 2:5 B body is now said to undergo a shear. 

Shearing strain is defined as the angle 0 by which the line AP or BG normal to the applied force is 
displaced due to the action of the shearing force. The angle @ is called angle of shear. 


Pp’ -lpe-n 


Shearing strain 79775 
Shearing strain is defind as the tangential force per unit area 


F 
heari => 
Shearing stress =“ 
2.7. Hooke’s law : 
It is the basic law in elasticity. It states that, within elastic limit stress is proportional to strain. 


s stress 
stress o strain OD x = E (a constant) 


train 
This constant E is known as elastic modulus of the material of the body. 


Elastic modulus : It is defined as the stress developed by unit strain. Its unit is Nm"? in SI system 
and in C. G. S. system its unit is dyne/cm?. : 


Its dimension is [Mr Tae] which is also the dimension of stress. 


Different kinds of elastic modulus : Corresponding to the three types of strain there are three moduli 
of elasticity : (i) Young's modulus, Y, (ii) balk modulus K and (iii) modulus of rigidity ņ. [vide Art. Z9 
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2.8. Stress-strain graph of an elastic material : 


The direct proportionality between stress and strain is found to hold only for small values of strain 
(about 0-346 of the initial length). If a wire is gradually subjected to increasing tensile stress and strain 
produced is plotted against stress, then the graph obtained is of the shape as shown in fig 2.6. 

It is called stress-strain graph. 

(i) Elasticity : The portion OA of the graph is a stright line, showing 
that stress is proportional to strain. In this region Hooke's law is obeyed 
and is known as proportional region. The solid returns to its original 
size when the diforming force is removed. So, OA is the region of 
perfect elasticity. The point A is called the elastic limit of the material. 

(ii) Plasticity : If the wire is loaded beyond the point A, the strain 
increases much more rapidly with stress. Now, Hook's law is unable to 

Fr account for the elastic behaviour. If the applied load is a now removed, 
— Strain i "E am i à 
Fig. 26 the wire does not regain its original length. The wire acquired a 
permanent set and it retains some strain. Beyond the elastic limit, the 
solid behaves like a plastic body. So we see that the same body behaves like an elastic body upto iene 
limit and shows the property of plasticity beyond the elastic limit. 

(iii) Ductility : Beyond the elastic limit, the deformation of the body may continue with practically 
no further increase of stress. The body is then said to flow. The point B beyond which a solid flows is 
called the yield point. Metals beyond the yield point are said to be ductile. Under such circumstances 
rods of metals can be drawn into wires. The increase in length of the wire for virtually no increase in 
stress is called plastic behaviour of the wire. 

(iv) Brittleness : Different bodies behave differently when subjected to a deforming force. Most of 
the materials first pass through elastic region and then through plastic region before they rupture. However, 
there is a category of materials known as brittle materials which break even before entering the plastic 
region. If we try to bend a piece of glass it breaks. It is said to be brittle. Thus, if a body flows beyond the 
elastic limit, it is said to be plastic; but if it breaks into pieces. it is called brittle. 

(v) Breaking point : If the strees is further increased stress-strain graph is not linear. At the curve 
attains maximum height. At C the curve attains maximum height. At this stage neck formation starts and 
the wire ultimately breaks at D. It should be noted that the graph drops between C and D because stress 
has been computed on the basis of original cross section. The stress corresponding to D is called breaking 
stress, 

(vi) Malleability : When a solid is compressed, a stage is reached beyond which it can not recover its 
original shape after the deforming force is withdrawn. This is the elastic limit for compression, The solid 
behaves like a plastic body, The yield point obtained under compression is called crushing point. After 
this stage, the metal is said to be melleble. They can be hammered or rolled into sheets. 

Gold, silver, aluminium are some examples of malleable materials. Some materials ‘are 
malleable only at high temperature. 


2.9. Different kinds of strain and elastic modulii : 

In general there are three types of strains and corresponding stresses. Within elastic limits, 
in all types of strain Hooke’s law is equally applicable. So, elastic modulii, are of three 
types : (a) Young's medulus, Y (b) bulk medulus, K and (c) rigidity modulus m. EX 

(a) Longitudinal strain and Young's modulus : Within elastic limit, the ratio between 3 x 

F 


n 


the longitudinal stress and longitudinal strain is called Young’s modulus 


Young’s modulus, Y = eagtudinal stress AARE IPR (2.1) 
longitudinal strain NE 
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Consider a rod or a wire of length L and area of cross section A fixed at one end [Fig 2.7]. Now a 
force F parallel to the wire and normal to its cross section is applied to the free end of the wire. 


. L md 
Let the length increases by l. The Longitudinal strain = T and longitudinal stress 


i SELA EL 
Young's modulus, Y = 77L AI 


A 


If the wire has circuler cross section of radius 7 


FL 
then, Y= 
enrages} A SAE e S ea eb ar a? (2.2) 


The unit of Young’s modules is Pascal (Pa) or Nm? in SI and in C.G.S. system, the unit is 
dyne cm. 
Dimension of Y is [ML 1] 


Example: Young's modules of steel is Y 22x 10!! N/m? (Pa). It means that to produce unit strain 


in a steel wire or bar stress of 2 x 10!! Nm ? has to be applied. 


Example 2.1 : One end of a copper wire of length 2m and diameter 0:5 mm is fixed at one end 
and a load of 1-0 kg is suspended at the other end. The length of the wire increases by 2:38 mm. 
Calculate (i) applied stress (ii) strain produced (iii) Young's modulus of copper. 


Solution : (i) Stress applied E 


A L=2m 
9:8 8 Ta eon Et 3 
= x 108 25x10" Nm 1=2:38x10"m 
6:257 A = nr? = z (0:025x102) 
(ii) strai (p 2:38x1073 3 -8.2 
ii) strain ADE monat 2A REID z625nx10^"m 
5x10! F-9.8N 


(iii) Young's modulus, Y = -4:2x101 N m? 


1-19x10 
Ex. 2.2 : The radius of a metal wire is 0-5 mm. How much force is required to increase the 
length by 0:2% of the original length. 


en Sen UNIT ED -3 
Solution : Here longitudinal strain, L 1007 2x10 
: : 3)" S 
cross section of the wire, A=nx(0-5x10 ) z25nx1l0 mE: 


If the required force be F then, F = Yl A 


F = 9x10? x2x10 ° x25nx107* = 141-3N 


Ex. 2.3: Two wires of different materials having diameters 2 mm and 3 mm respectively are 
each 4 m long. By hanging a weight of 5 kg in each wire, it is found that the elongation of one is 


twice that of the other. Find the ratio of the Young's moduli of the two wires. [ H. S. 1981] 
Solution : We know, Y -L - 25 
MAb eb ae 
NES inu Lj sib; 
Z- xi- ng 
Y, 2/7 2 8 TOU 
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(B) Volume strain and bulk modulus : 

Within elastic limit, the ratio between the volume stress and volume strain is called bulk medulus of 
the material. 
volume stress _ P 


Bulk modulus, K = = 
volume strain v/V 


Bulk modulus is also called incompressibility. Its reciprocal is called compressibility. So compressibility 
is defined as the volume strain produced per unit volume stress. 


Unit of K : In SI system its unit is Nm~? and in C. G. S. system the unit is dyne/cm?. 

Dimension of K : Its dimension is [ML 1:2] [ 

Example : (i) Bulk modulus of water is 2-2 x 10? Nm-? and its compressibility = 45-8 x 
10-11m2N- (ii) Bulk modulus of air is K —10? N/m? and its compressibility = 10? N7! m?. 

Compressibility of water is 45-8x 10% (atm)! — means that when a normal pressure of 1 atmosphere 


is applied on water, it undergoes a volume strain of 45.8x 10%. 

Special discussion : (i) All types of substances solid, liquid gas occupy some volume. So all substances 
under go volume strain due to an applied pressure. Hence bulk a modulus is a general property of all 
substances. 

(ii) Bulk modulus of a gas depends on its temperature. Under isothermal condition, bulk modulus ofa 
gas is equal to its pressure. But under adiabatic condition, bulk modulus is y time the pressure of the gas 
where y is the ratio between the two specific heats at constant pressure and at constant volume. 
(v 70, / e) So Bulk modulus at constant temperature K, = P and bulk modulus under adiabatic 
condition K, = y P 

Ex. 2.4: Volume of one litre of glycerine decreases by 0:21 c.e. due to a pressure of 10 kg/cm?. 
Calculate bulk modulus and compressibility of glycerine. 


Solution : Bulk modulus K= LY 


104 x10? 

Ke 
0-21 

=4.66x10!9 dyne / cm? 


p=104 gm/ cm? 
=4-76x107 gm/cm? Vain 
v=0-21c.c. 


compressibility, x £ Ju x107! —0-21x1071? dyne™! cm? 


Ex. 2.5 : The volume of oil contained in a hydraulic press is 0-5 m°. Find the decrease in volume 


of oil when subjected to a pressure of 100 atm. compressibility of oil is 20 x 1075 (atm)-!. ! 
[ J. E. E. 1993 ] 


PV 
Solution : Volume of the oil, V = 0-5nr. Now Ec 


decrease in vol, ¥ - =20x 1075 x0-5x100 


v2103p? =1 litre. 
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(C) Shearing strain and rigidity modulus : 
Within elastic limit, the ratio between the shearing stress and shearing strain is called rigidity modulus. 
SES shearing stress 
Rigidity modulus, y= een eam 


As AS [ vide Art. 2.6 and fig 2.5 ] 
Ex. 2.6 : Two equal and opposite forces are applied on two opposite sides of a metal cube. If the 


cube is sheared by an angle of 0-01? how much force is applied each side ? Rigidity modulus of the 


metal = 2:5 x 101! dyne / cm. Here, 1 = 2:5 x 10!! dyne / m? 
F 
Solution: Megara HELO 0=0-01x5%5 rad 
F=2:5x10!! x x10 x25 210-9x10* dyne. = F107 nad 


i d 8 
force required = 10:9 x 10° dyne NETS 


Ex. 2.7 : The lower side of a 10 cm meal cube is rigidly fixed and a shearing force of 7:7 x 105N 
is applied on the upper surface. As a result, the upper surface is displaced by 0:03 cm with respect 
to the lower surface. Calculate rigidity modulus of the metal. 


y 
Solution : Rigidity modulus, BENE F= 75 x 10? dyne 
; 10 A =100 cm? 
pews RM 5 22:5x10!! dyne / cm? 
100x 3x 107 fg = 0933x103 
10 


2.10. Poisson’s ratio : 

When a wire or a rod is under a longitudinal stress, careful observation shows that, apart from an 
increase in length, there is a slight decrease in the diameter of the wire. In other words, a longitudinal 
extension is always accompanied by a lateral contraction and vice versa: 

The ratio of the decrease d in diameter to the initial diameter D of the wire is called lateral strain i.e. 
the strain normal to the deforming force, so, 

lateral strain = change in diameter. = d. 

original diameter D 
also Longitudinal strain = change in length = S. 
original length L 

It is found experimentally that within elastic limit, the lateral strain is proportional to longitudinal 

strain, The ratio of the two strains is called. poisson's ratio and is denoted by c. So, 
(ae lateral strain — d/D 
~ longudinalstrain — //L 

Poissan's ratio is the raio of two strains. So it has no unit or dimension. It is a pure number. It is called 
an elastic constant and is the characterictics of the material of the wire. 

Limiting value of c: Theoretically, it can be shown that the value of poisson's ratio can not be less 
than -1 and can not be greater than 0-5. But it can not be negative, because negative value means with the 
longitudinal extension there will be lateral contraction also. It is not possible in practice. So, value of o 
will lie between 0 and 0-5. If can be shown that for a perfectly elastic body 6 20:5. 


Example 2.8 : The length of a wire is 2m and diameter 2 cm and its one end is fixed. When a 
load of 70 kg is attached at the other end its extension is 30 parts in 10°. If the poisson's ratio of the 
material be 0:33, calculate contraction of the wire. 
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lateral strain 
longitudinal strain 
here, longitudinal strain 2 30 x 10$ =3x10~ 


Solution : We know, poisson's ratio, o = 


lateral strain = © x longitudinal strain 20-33x3x10^ or, £ =0-99x107> 
Contraction in diameter, d =0:99x10 x2 [D 2 2 em] 
d = 1-98x10? cm 
Ex. 2.9: The length of a copper wire is 3m and diameter 1mm. Young's modulus of copper 
71255 x 10!! dyne/ cm?. If a load of 10 kg is suspended form its one end what will be its elongation. 
If the lateral contraction be —2.6x 10? cm, calculate the value of poisson's ratio of copper. 


Solution : We know : v. F = 10* x 980 = 9:8 x 105 dyne 
FL _ | A-n(0:05? =25nx10~ cm? 
IY L=300cm, 
6 
zi 9-80 RIO oe Y = 12-5x10!! dynes/cm? 
25nx10~4 x12-5x10!! Da Omen 
Increase in length of the copper wire = 0-3 cm. 
2nd part : Now, poisson's ratio, © vb 
Hoo E LP A URN D 
L 3007. and D^ oj ^26xl0 
2-.6x10 0-26 
10 


2.11. Relation between elastic modulii and constant : 


The three elastic modulic (Y, K and n) and elastic constant c are related to each other. The relations 
are : 


(i) Y = 3K(1-20) (ii) Y = 2n(1+0) 
SO ASTE og : 3K-2n 
(iii) REC KDE and (iv) 9 = Ktm 
obviously, if two of these four quantities are determined experimentally the other two can be calculated 
from these relations. 
2.12. Force constant of a spring : 


From Hooke's law we know that within elastic limit, elongation produced on a body is propational to 
applied force. Let a spring is extended by a force F and extension be x. Then 


Fox or F- kx [kisa constant ] 
According to Newton's third law the spring exerts equal and opposite force 
-F[Fig 2.8 ]. So in the case of a spring 
F a -x 1 
Ez-kx We ee (i) X 


The negative sign shows that F and x are oppositely directed. k is known as 


force constant of the spring. Fig 28 PF 
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Definition of k : In equation (i) if x 2 1 then k = |F|. 

So, force constant of a spring is defined the force required to produce unit elongation of the spring. 

Unit of k : In SI system the unit is Nm! and in C. G. S. it is dyne/cm. 

The force constant of a spring denotes its property of stiffness. Higher the value of k, higher is the 
stiffness of the spring. 

Example 2.10 : When a force of 20N is applied at the lower end of a spring, it elongates by 2-5 


cm. Calculate force constant, k. ! K 
If a load of 1-5 kg is attached at the lower end, what will be its elongation ? g=10m/s 


Solution : 1st part : F = k x 


DUE e RODNTIS 
X 25x10? 
2nd part: F-15kg-wt =1.5x10=15N. 
FS H5 15 


elongation of the spring, X = X 780027 g m-L875em. 


Table for elastic constant of different substances. 


Young's Bulk modulus, | Rigidity modulus | Poisson's ratio 

Matena ene Tus Veo NERA] DER ND) nN - m?) c 
iron (wire) 2x10!! 9-6x10!0 5-1x10!0 0:26 
steel 1x10! 16x10!° 8-4x10!° 0:19 
Aluminium 7-0x10!! 7x10!0 2-5x10!0 0:16 
Copper 4 11-0x10!! 14x10!0 4-2x10!0 0.32 
Water = 0-2210!0 pa P 
Mercury — 2.7x1010 — € 
Air "m 10x10? = in 


LBS ud il —— 
2.13. Work done in deforming a body (elastic potential energy) : à 
When a body is deformed by applying balanced force or a couple, an internal reaction force is developed 

within the body. So some work has to be done for producing strain on the body. This work done is stored 


within the body in form of potential energy. It is called elastic potential energy. When the applied force 
is released the body returns to its initial configaration and the potential energy is converted to heat energy. 


(A) Work done in stretcting a wire : Let a wire of length L is fixed at one end and a tensile force F 
is applied at the other end. Let the elongation of the wire is /. Within elastic limit, increase in length is 
proportional to the applied force, When the applied force is zero, elongation is also zero and when the 
applied force is F elongation is also /. 


OE 
ia? 


S| 


So, the average force for producing elegation is F 


Work done for producing the elongation Lis W = iH 


E e _ YAI 
Now, Youngs modulus, Y = APO TE 
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It is the measure of elastic potential energy of the deformed body. So, the work done per unit volume 
or potential energy per unit volume, 


Wain Da YAP $ 
P^ volme 2 Wied [v-At] 


A (3) (+) EE X stress X strain 


B 


Z0 J E 2 
By Calculus Method : Let when the elongation of the wire is J, the applied force is F. Now, the 
elongation is increased by dl. Then work done is dW = F dl 


= YA di [r- XN] 


2 
*. total work done for any elongation / is w=% f l dl = i X a 


. work done per unit volume and elastic potential energy per unit volume, 
s 2184 50D 
po A 2 CENE 
igi : 
E, => * Stress X strain [ 


(B) Work done for stretching a spring : When a spring is. subjected to a force along its length, 
equal and opposite restoring force is produced in the spring. This restoring force is proportional to 
elongation of the spring. If due to the force F the elongation is x then 

Fax or, F=kx. , 
k is called force constant of the spring. In this case also, the average force is 


SOET 
F= DUE F 
work done for elongation x is W = average force x elongation 
1 1 ineo 
Ws- = —kxx = kx. 
2 P b. 2 kx.x 2 kx 


É 1 
* Elastic potential energy of the spring E p77 kx? 


Ex. 2.11 : If the work done is stretching a uniform wire of cross section 1 sq. mm. and length 2m 
by 1 mm is 0-05 Joule. Find Young's modulus of the material of the wire. [ H. S. 2003, J. E. E. 1997] 


Solution : Work done, W - Fl 


Here W=0-05J, /=1mm =10° m 


*. Applied force, F= ye a 05 _100N. 


FL 
Now, ae . A= dm 
; . _100x2-0 L=2m 
. Young's modulus, Y = v E 1 = 103 


Y-2x10!! N 
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2.14. Determination of Young's modulus of the material of a wire. 


‘Two wires of same material of which Young's modulus is to be determined are suspended 
side by side from common rigid support from the ceiling of the laboratory. [ Fig 2.9]. 
The wire AB is the experimental wire and CD is the reference wire. The wire CD carries 
a main scale S and it is kept straight by a fixed load W. At the lower end of the experimental 
wire, a Vernier scale (V) is attached which can slide over the main scale S. There is an 
arrangement to add slotted weight so that the load on the wire AB can be altered. During 
expansion and contraction of the wire the vernier scale slides over the main scale. 


(i) The diameter of the wire AB at different points is measured by a screw gauge. Then 


2 
p " : f nd 
average diameter *d' is measured. Area of cross section of the wire, A= c 


(ii) The length of the wire is measured by a metre scale a number of times and then 
average value of ‘P is calculated. 


Fig. 2:9 (iii) The load on the wire AB is changed from 
minimum value of 0:5 kg by equal steps and in each case main 
scale reading and vernier reading are noted. Load applied should 
not exceed elastic limit. All the observations are repeated by 
decreasing the load by similar steps till the minimum load 0:5 kg is 
reached. This minimum load in also called dead load. The mean of 
the two readings are calculated. a 


(iv) A load—elongation graph is drawn as share in fig 2.10. By 
selecting the point P on the straight line graph, for increase of load 


Elongation 


— 


OQ, elangation of the wire PQ is determined. Let OQ corresponds 9 MW. us (Kg) 
to local mg and PQ corresponds to elongation l. Fig. 2-10 
L 
Then Y= a ` 
nr*l 


All the quantities being known, Young's modulus Y can be calculated. 


© SHORT ANSWER TYPE QUESTIONS (With Answers) e 


Q. 1. The length of a wire is cut to half (i) what will be the effect on the increase in the length 
under given load ? 


(ii) What will be the effect on the maximum load which it can bear ? 
Ans. (i) Increase in length under the same load will be half. 


; ; BIA s rare SED, 
Reason : We have the relation Y = ALD l= AY 


So, for a wire under a fixed load, / c L. 


So, if length L is halved, elongation / will also be half. 


(ii) maximum load or breaking load depends on area of cross section and not on length. So in this 
case breaking load will remain same. 


Q. 2. The length of a wire increases by 10 mm when a load of 10 kg is hung. If all the conditions 
are same, but the radius of the wire is doubled what will be the increase in its length ? 
mgL 1 
n” la 
nr?l r? 


Ans. -We have the expression for the Young’s modulus Y = 
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Evidently, when the radius is doubled the elongation / of the wire decreases to one-fourth. So for the 
same load, the elongation will be 


10mm 
l= ge 2-5 mm 
Q. 3. Why is a spring is made of steel and not of copper ? 
Ans. Elasticity of steel is more than that of copper. For a given applied load elongation of steel spring 
is less than that of copper. So stiffness of steel spring is more than that of copper spring. For this reason 
spring is made of steel and not of copper. 


Q. 4. What do you mean be elasticity ? Between steel and diamond, which one is move elastic ? 
Explain you answer. [ J. E. E. 1988 ] 


Ans. Elasticity is a general property of a material. By virtue of this property it opposes the applied 
force which tends to change its length, volume and shape. The body regain its original shape as soon as 
the deforming force is withdrawn. 


2nd part : Diamond is more elastic than steel. 


Explanation : Generally, a material is more elastic if for a given stress strain is minimum. Now, it is 
found that for the same load deformation in diamond is less than in the case of steel. 


Q. 5. Distinguish between solids, liquids and gases on the basis of the elastic modulus 
[ J. E. E. 1995] 


Ans. We know that there elastic modulii are—Young's modulus Y, bulk modulus ‘K’ and rigidity 
modulus (n). 


Solids possesses all the three modulii. But liquids and gases possess only bulk modulus. The value of 
the bulk modulus in the case of liquid is larger than for a gas. 


Q. 6. Show that the elastic potential energy per unit volume of a rod stretched longitudinally is 


l 
z Stress x strain. 

Ans. vide art. 2.13. 

Q. 7. What is meant by poisson's ratio ? The value of this ratio for different materials lies 
between —1 and 0-5. Is it possible in practice ? 

Ans. Within elastic limit, ratio between the laternal strain and longitudinal strain is poisson's ratio. 


2nd part : Generally at constant volume, when the length of wire is increased, its diameter of cross 
section decreases. But if with the increase in length, diameter also increases then poisson's ratio will be 
negative. But it is not possible. For this reason although theoretically poisson's ratio is negative, but in 
reality it is always positive. In practice, the value of poisson's ratio lies between 40:2 to 4044. 


Q. 8. How are the quantities Young's modulus, bulk modulus and poisson's ratio related ? 
[ J. E. E. 1994 ] 


Ans. The relation between Young's modulus (Y), bulk modulus K and poisson's ratio (o) is 
Y 23k (1-26). 


Q. 9. What is meant by compressibility of oil is 20 x 10-5 (atm). In a hydraulic press there is 
0*5 m? oil. What will be the contraction in volume due to a pressure of 100 atm. [ J. E. E. 1994] 


Ans. Compressibility of oil is 20 x 10-S(atm)-! —It meant that due to increase of pressure of 1 atm 
on the oil, the volume strain is 20x 10-9. 
2nd part : See text part. 
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Q. 10. The Young's modulus of a material is Y = 24 x 10!! dyne / cm?. What is the range of 


values of rigidity modulus. : [ J. E. E. 2000 ] 


Ans. We have the relation Y 22] (1-6) 


ME: 
ies 2(146) 
) Y 24x10! "n 2 
(i) When o = 0, H = ee = — =12x10 dyne/cm 
: 4 x 10!! 
Gi) When 620-5, n = i = Be =8x10! dyne/cm?. 


Q. 11. The force constant of two springs are k, and k, (k, > k,). In which case more work is done 
when (i) their extensions are same and (ii) they are extended by the same force ? 


A 1 
Ans. work done on a spring of force constant k when it is extended by axis W= dug 


(i) When both the springs undergo same elongation, work done on the first spring is W= ih x? and 


Sond 1 i $ 
the work done on the second spring is W, 735 x*. Since ki > ky, Wi > W;. So more work is done 


on the first spring. 
(ii) Both the springs have been extended by the same force. 


F= kx, = kx, 
F LI 

Ap omma x;2c 
T kh and *2 ky i 
i fies gs a N A 
- Work done on the first spring W =a hx T7535 S Is 

and work done on the second spring 

xi duc. cl MEAS DOES WAY o 
Wig vau qe, one m Me 
2 


So, more work is done on the second spring. 

Q. 12. The length of a wire is / and its radius is r. Its length is increased by applying a 
tensile force. If volume of the wire does not change, show that poisson's ratio of the material of the 
wire is 0-5. 

Ans. Volume of the wire, y 2 72] 

Let due to the applied tensile force length increases by A/ and radius decreases by Ar. Now the 
/olume of the wire is 

v'2n(r-Ar)) (I Al) 
As the volume remains unchanged. v'-v 


^ o n(r-ArY, (+A) = nr? 


2 
i nri (1-22) (5) = nr?l 
r I 


A A : 
di (1-2 : 2r) (+4) =1 | (=) is ves 
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Q. 13. The poisson's ratio of a material is c. If the longitudinal strain of a wire made of the 


material be e, show that its volume strain is e(l -20) [ J. E. E. 1998, H. S. 1998] 


Ans. Let the material be taken in the form of a wire of length l and radius r. ' 
So, its initial volume, v= nr?l. 


Differentiating, dv = nr?dl+n.l.27.dr 
dv=nr?l [2.2.2] ($24) 
l r r 


T 
dv dl hoan drir 
ral, (1+2 er) 


. volume strain =e (l-20) where, o = poisson's ratio. = E. 
Q. 14. The force constant of two light spring are k, and k,. 
what will the equivalant force constant of the system. 
ki ky 
ky +k, 
Proof : Two springs of force constant k, and k, are connected in series [ Fig 2.11]. 
Let due to the force F extension of the springs are x, and x, 


If the springs are connected in series 


Ans. The equivalent force constant is k= 


xj ky 
F= kx -kx, 
If k be the equivalent force constant then by the force F applied on the system, x» ky 
F=k (x; +x) 
EE ; 
Pete Rh. kk Fig. Jis 
» PORE B de rU 
1 2 
Q. 15. If in the question 14 above the springs are connected in parallel what will be the equivalent 
force constant of the system. 


Ans. The equivalent force constant will be k=k tk. 


Proof : The arrangement is shown in fig 2.12. The applied force is F. The force 
an one spring is F, and on the other spring is F,. But their elongations will be the 
same. Let the elongation be x. Then 


F=F, +k, = kx + kx =x (hy +k) 
If k be the equivalent force constant then F=kx 
kx =(kjtk)x © kath 


Q. 16. A spring of force constant k is divided into two equal halves, what 
see will be the force constant of each half ? 


Ans. The force constant of each half will be 2k. 
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Proof: Let due to the applied force F on the given spring, its elongation be x, then its force constant 
kzF/x. 

Now, within elastic limit applied force is proportional to change in length. After division, length of 
each part is half of the initial length. 

So, due to the same force F, elongation of each half will be x/2 

F F 
. ý i =——=2.—=2k AK, =2k 
- Its force constant is. K, 127? E 1 


Q. 17. A wire of length ‘L’ and cross sectional area ‘o’ is stretched by / where | << L. Show that 
irs Yo? 
if the elastic limit is not exceeded, the potential energy of the wire increases by G 


2L 
[ H. S. 1998] 


Ans. Vide article 2.13 of this chapter. 


Q. 18. A wire of original length L and cross sectional area A is stretched, within the elastic limit, 
by a stress qt. Show that the density of stored elastic energy in the stretched wire is 42 /2y (Y = 


Young's modulus) [ J. E. E. 1998, H. S. 2001] 


Ans. If / be the elongation of the wire due to the applied force F then, 
prx Wh 
UP ^ stress, T= T 


2 
Now, work done per unit volume — i Stress. x Strain MURS Ut 3(¥) x Yi iA 
TUR 
QUT 
Q. 19. Compressibility of water per atmosphere is 44 x 10-5 (atm)-!. What will be the contraction 
in volume when a pressure of 125 atm is applied on 200 c. c. 


~“. density of stored energy = 


AP. V 
Ans. We know, bulk modulus or incompressibility is k = — AV 


k 10° 
=2x1-25x0-44=1-1 c.c. 
-. Contraction in volume = 1:1 c.c. 


-ay = YAP _ 200x125x 44 [L3] 


Q. 20. In the case of an elastic body which one is more fundamental—stress or strain ? 
Ans. Strain is more fundamental than stress the case of an elastic body. 


Reason : When an external deforming force is applied on an elastic body internal reaction force 
generated within the body per unit area of cross section is called stress. This stress helps the body to 


return to its initial configuration. So we can say that stress is generated only when strain is produced. So, 
strain is fundamental for a body, not the stress, 3 


Q. 21. Show that under isothermal condition, bulk modulus of an ideal gas is equal to its pressure. 


Ans. We know that, for an isothermal expansion of a given mass of an ideal gas, the product of 
pressure and volume is constant. i.e, PV — constant, 


Differentiating, Pdv + Vdp — 0. 


dj 
P=— i =k, [k, = isothermal bulk modulus] 


Hence for an ideal gas, under isothermal condition, pressure of the gas is equal to its bulk modulus. 
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Q. 22. Show that under adiabatic process, bulk modulus of an ideal gas is equal to y times the 
pressure of the gas, where y is the ratio of two specific heats = C! C, 
Ans. For an adiabatic expansion of an ideal gas the relation between the pressure and volume of the 
gas 1S 
pv’ = constant, where Y= €, 1C, 
Differentiating, Py Vld V4 V'dp-0 


dV -d 
YP. tp =0 yP= JV Ks [ Kg = adiabatic bulk modulus ] 


*. adiabatic bulk modulus = y x pressure of the gas. 


@ MISCELLANEOUS EXAMPLES @ 


Example 2.12 : Calculate the maximum height of a maintain if the elastic limit of the rock is 
3 x 108 N nr? and density of the rock 3 x 10? kg m”. 
Solution : Let maximum height of the mountain = h 
. h p g = P (P = pressure) 
P 3x108 2 
== =10m/s 
Pg 3x10°x10 [s | 
= 10^ m= 10 km. 
^. maximum height of the mountain = 10 km 
Ex. 2.13 : If the strain in a wire be 0-1 of 1%. What is the change in length of 5 metre wire. If 
the area of cross section of the wire be 1 mm? and applied weight be 10 kg, calculate the ratio of 
[ H. S. 1987 ] 


stress and strain produced. 


i : 1 3 Al 3 
: OX ver ep 
Solution : Strain — 0- 1x 100 1x10 1 0 


Al =10° x 5002 0-5cm. 


*. increase in length = 0:5 cm. 


3 
2nd part: Stress = PIU NM 9.8% 105 dyne / cm? 
107 


8 
Stross, 9282S DEN 9.8x10!! dyne/ cm?. 


strain to? 
Ex. 2.14: The diameters of two wires of same length and of same material are 1 mm and 3 mm 
respectively. When they are stretched by the same tensile force, increase in length of the first wire is 
three times that of the second wire. Compare the Young's modulus of the two wires. [ H. S. 1993 ] 
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Ex. 2.15 : When a load of 150 kg is suspended from the lower end of a copper wire of length 3m 
and of diameter 4 mm, the length of the wire increases by 277 mm and diameter decreases by 


12 x 10-3 mm Calculate Young's modulus and poisson’s ratio of copper wire. 
[ H. S. 2000; J. E. E. '99] 


mgL 
Solution : Young's modulus, Y — S 
r 
EUER ACIE =12-99x10!°N / n? 


pum 2 
3x (2x10). x 2-7x10 
d.L. 12x10? x300 

Poisson’s ratio, O = DAS WTO =0:33 

Ex. 2.16 : The length and diameter of a metallic wire are 300 cm and 0-10 cm respectively. It is 
elongated by a force of 10 kg. Young’s modulus and poisson’s ratio of the material of the wire are 
2x 10? dyne/cm? and 0-26 respectively, Calculate contraction in diameter of the wire. g = 9-8 m/s? 
à [H. S. 1993] 


: pot . _ longitudinal stess _ F 
Solution : Longitudinal strain = Y TAY 
Here F=10X9-8N; A=n(0-05)2cm?, Y=2x10!! Nm? 
10x9:8 = TE e say qut 


-. longitudinal strain = ——— ——— —— 
x (0:05)? x2x10!! 


-. lateral strain = o x longitudinal strain 


-0-26x6-24x107^ —1622x107* 
contraction m diameter 2162x104 
original diameter 

-. contraction in diameter = 1.622 x10~4 x0-1—1-622x 103 cm 
Ex. 2.17 : When a load of 5 kg is suspended from the lower end of a wire of length 1m and 
radius 2mm, increase in length is 0-1 mm. If poisson's ratio of the material of the wire be 0-4, 
calculate the change in radius of the wire. If the load is decreased to 2 kg, what is the change in 
diameter ? : [ H. S. 1990 ] 


Solution : We know, poisson’s ratio, O = Z. o, d= px 


Here 0 20-4, Diameter of the wires, D = 0-4 cm, increase in length / 20-01 cm and L = 100 cm. 


*. contraction in diameter, d= 04x04x00 =1:6x107* cm. 
. contraction in radius, 7 = i -0-8x107? cm. 
2nd part : Let in the two cases, applied forces be F} and F, and corresponding increase in length be 


l and L. 
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Rn F. 
zit nu EPI 24x107 
XN sii L F, l2 $x001-4x10 3 om. 
oDL. , / [3 
+. contraction in radius, 7 = So = eet = 3 2x10-$ cm. 


Ex. 2.18 : Due to longitudinal stress on a wire of circular cross section change in length is 0:01%. 


If the poisson's ratio of the material of the wire be 0-2, Calculate the percentage change in volume. 
[ J. E. E. 2000] 


Solution : Let r be the radius, / be the length and V be the volume of the wire then, V — nr?l. 
On differentiation we get, dV — nr? dl 4 2nr .dr 


„n dv 2nr?l (£245) = (£22) 
I r l F 


dy dl( drir| di. 
Tut ap TE 


29:01 y_9x0.2)=6x105 
E TN. 3 
. Percentage change in volume =- X 100- 6x10 % 


Ex. 2.19 : A steel wire of diameter 4 mm is rigidly fixed between two supports and its tension is 
negligible at 300°C. What is the tension in the wire when the temperature is decreased to 30°C ? 
Young’s modulus of steel = 11 x 10!! dyne / cm? and coefficient of linear expansion of steel. 


a = 12x 1075 / °C. - [H. S. 1988 ] 

Solution : Tension produced, F-YAat [ vide thermal expansion of solids ] 

Here, Y = 11 x 10!! dyne / cm, A = 1 (02)? = 4n x 10? cm? 

o=12x10°/°C and t =270°C 
s. F= 11x 10!! x 4m x 10? x 12 x 105 x 270 dyne 
= 4-48 x 108 dyne. 

Ex. 2.20 : A copper wire of length 8 m is hanging 
length due to its own weight ? Young’s modulus of copper is Y = 1 
copper - 8:9 gm/c.c. 3 

Solution : Let A.cm? be the area of cross section of the wire. 

Volume of the copper wire = 800 A cm? and its weight — 
force on the wire, F -800x8.9 A gm-wt. 


F = 800 x 8:9 x 980 A dyne 


from its one end. What will be its increase in 
+3 x 102 dyne / cm?. density of 


800 x 89A gm 


? FL 
Now, Young's modulus, Y = aa elongation / TAY 


Since the weight acts on the middle we consider half the length of the wire. 


x 800x8-9x980A X400 _ 3.147x10 cm 


l 
Ax1:3x10!? 


Phy (D—26 
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Ex.2.21: A block of mass 4 kg and having density of the material 2-7 gm/c.c. is suspended by 
vetal wire of length 1m and radius 1 mm. If the block is fully immersed in water what will be the 
ngation of the wire ? Young's modulus of the metal Y 22x 10 dyne/cm and g = 980 cm/sec. 
40 : 
Solution : Volume of the block, V -40 = 1481-48 c.c. 
Apparent weight of the block in water, W’ = actual wt (w) — buoyancy F, 
W“ = (4000 — 1481-48 x 1) 980 dyne = 2518-52 x 980 dyne 
: $ SEEI Da 
elongation of the wire, 7 = YA [F = w] 
(ne 2518-52 x 980 x 100 
2x10! xn(0-1)? 
Ex. 2.22: A weight of 80 metric ton is applied on a pillar of height 10 m. Calculate contraction 
n length and contraction in volume. Area of cross section of the pillar is 100 cm" and poisson's 
-atio of the material = 0:2 and Young's modulus 2 x 10 kg-wt / cm . 


80x10? x 9.8 


=39-3x107 cm. 


2784x106 N/m? 


Solution : Tensile stress, A 


100x10 
E 
ensile strain, T = y Rm 4 
RM LOL, 78-x10$x10 p, _ ME 
contraction in length, IX eui [Y=19 6x10 um 


| = 4x10? m = 0-4cm 

Now, volume of the pillar, V=nR2L [R-radius L= length ] 
log, V = log, T + 2 log, R + log, L 

E AV 5 OR AD ve Sour pA 
differentiating, =; =2 eme VRI 


Here we put v=AV, r=AR and / = AL 


yu r/R l 4x10 
FI (1+2 R) = (1-20) = “= (1-2x0-2) = 2-4x10~ 


v=24x 10 4x 10x 100 x 100c.c. [ here, V = 10 x 100 x 100 c.c. ] = 24 c.c. 
contration in volume of the pillar = 24 c. c. 
Ex. 2.23: A light rod of length 0*5 m and having area of cross section 4 x 10° m is suspended 


from its onc end. Its initial temperature is 100°C. Its temperature is lowered to 0°C and a load is 
attached at the lower end. If the length of the rod remains unchanged then calculate : (i) mass of 


the load. (ii) energy stared in the rod. [ Young's modulus, Y = 10 N/ m^ and coefficient of linear 
expansion = 10 / °C and g=10 ms ?] 
Solution : (i) When the temperature of the rod is lowered from 100°C to 0°C, its contraction of 
ength would have been 
1=Lot=0-5x10™x100=5x10~4 m 
Evidently, to keep the length of the rod constant, a load of mass m (say) is to be attached at the lower 
nd so that elongation of the rod would be exactly / = 5x 10 ^m. 
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Now, Young's modulus, Y — PEL. 
_ YAI 10! 4x 10-5 x5x 104 
Kr M 10x0-5 =40ke 


(i) Energy stored, Bay Fl =4x40%5x 104 =0-15 

Ex. 2.24 : A steel wire of length 1m and diameter 0:8 mm is clamped firmly at two points A and 
B which are 1m apart and in the same horizontal plane. A block is suspended from the midpoint of 
the wire. If the midpoint sags by 1 cm below the original position calculate the mass of the block. 
(Young's modulus = 2 x 10°! Nm?) 

Solution : In the fig 2.13, AB is the horizontal wire and a'load mg is suspended from the middle point 
and the amount of sag is OC. At equilibrium different forces acting on the load are shown, Evidently 


mg =2T cos 8. 5 
2T cos 8 j T 2T cos 0 : 
mm-———— E E S (i) 
g 
4 Y TL 
Calculation of T : From Hooke's law Y= AT 
YAL. 
us L 
_ YAS m 
gL « ^ aperia utn «a o ere Asa 1 


Calculation of i : From the fig AC- YAO? «OC? 


AO = 450? 1 = 50-01 cm 


4|, AC- AO _ 50-01=50 . 0-01 2x10 A 
L AO 50 5 
Mon TOCE L 
Calculation of cos 0:  cos0 — AC OA 50 
» 2x2x10l xnx(0-4x102)? LG SAT 3 
LAE eS eS m = / 
from (ii), m= 9.8xl.0 (2x10 Xz 82 x107 kg = 82 gm 


Ex. 2.25 : A load of 20 kg is suspended from a copper wire of radius 1 mm. If the wire suddenly 
breaks, will its temperature rise or fall ? Calculate the change in temperature. 


KE -3 1 ` 
Young’s modulus of copper = 12 x 109 Nm, density 9000 kg m`, specific heat of copper 


= 100 cal kg ! k”, J = 42 cal and g - 9:8 ms”. [ J. E. E. 1997] 
Solution : Work done due to stretching of the wire. 
1 FL FL 
Mug dua JEM 
2'7 OVA [v e] 
1 FL 


Heat produced, H== =" 
produce 2 IYA 


If the wire snaps its temperature will rise as the work done is converted to heat. Let 9 be the rise of 
temperature. Heat required for this rise of temperature. — ms8-LAgs6. [= m=LAp] 
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jadis hk EE 
LAps@=— —— >60 = — —_—_ 
0573 YAI 2 y A?ps] 
Q0x9-8)* -4.29x107K 


[: 
2x12x10l9 x (x10)? x9000x100x4-2 
rise in temperature —4-29x 103K 
Ex. 2.26: A block of mass 1 kg while moving along the axis of horizontally kept spring strikes 


the spring whose other end is fixed. The spring is compresed by 4-0 m. Force constant of the spring 
is 2-0 Nm ^ and coefficient of friction between the block and the plane is 0-25. Calculate velocity of 


the block just before it hits the spring. 


Solution : The situation is shown in fig 2.14. 
The block A hits the spring when it was moving horizontal along the 


— 
axis of the spring. Let just before hitting the spring the velocity of the 

AT HNA block is u m/s and the spring is compressed by x metre due to impact of 
Fig. 2.14 the block. By conservation of energy, we get jm = work done due to 


compression of the spring + work done against friction 


To 2 Br 
z”! sake +umgx 


k = 2-0 Nm? 
ie -lx2.0x(4y 40:25x1x9-8x4 x=40m 
2 u = 0-25 
u? =32+19-6=51-6 m= 1 kg, g = 9-8 m/s? 
u = V51-6=7-2 m/s u=? 


So, the velocity of the block = 7-2 ms! 


Ex. 2.27 : A sphere of mass 2 kg is rotated in a vertical circle by a wire having length 2 m and 
radius 2 mm. At the lowest point the speed of rotation is 3 rps. What is the expansion of the wire at 


the lowest point of its motion. Young's modulus of the wire = 2 x 10"? N-m ? and g 2 10 ms?. 


Solution : If the tension in the wire at the lowest point be F, 


then F2 mg-ma?L. MESA 
g=9-8 ms? 
F=2x10+2x(67)? x2 =1441-3N =2nn=6n rad/s 
L L=2m 


F. 
Now, Young's modulus, Y 2——- 
a Asnr? =47x10% m? 
=L a 41 3x2 ___114-75x 107m, = 0-115em. Y-2X10 Nm? 


I 
YA 2x10!!x4nx107 


Ex. 2.28 : Young's modulus of a material is 18:5 x 10°° N m ? poisson’s ratio 0-238. Calculate 
the value of bulk modulus and rigidity modulus. 


Solution : We know, Y =3k (1-20) 


X 3 10 
p= —_18-5x10 


[D . 18.5x10" Dres 
30-26) ^ 3x(1-0-238x2) || 77X10 New 
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Ex. 2.29: A body of mass 4 kg and density 2:5 g/c.c. is suspended by a metellic wire of length 1 
m and diameter 2 mm, keeping the body completely immersed in water. What will be the increase in 


length of the wire ? Young's modulus of metal = 2x10 dyne / cm? and g = 980 cm / s. 
[ W. B. H. S. 2004 ] 
Solution : Effective load applied at the end of the wire is 
F « weight of the body — buoyancy. 


-mg-"xixgeng(1-1) -axeax(i- 1] 


15 
=ax9-8x—— 223.52 
a 2.5 3.52N 
Increase in length of the wire, l= = 
Here 
23-52x1-0 23:52. 49-5 5 1 
J= 2 = Sx 107 23 75x10"cm =10 
2x10!!xnx10- 2m 7 j 2 
| ie ; Y=2x10" N/m 
Again, Y 2 2n (1+0) HP 2-6) A = n(1x10?) m? 
18-5x10! =x 10-6 m? 


=7-47x10!° Nm? 


A. Short answer type questions : 


1. What do you mean by elasticity ? State Hooke's law. [H. S. 1998] 
2. Define the quantities : (i) perfectly elastic body (ii) elastic limit (iii) stress. (iv) strain. 
3. Between stress and strain which one is more fundamental ? Why ? 
4. Steel is move elastic than rubber. Explain. 
5. Draw load—elongation graph of a solid and trace the points corresponding to elastic limit, yeild point and 
breaking load. [H. S. 2003] 
6. Name the three elastic modulii. Also give their definitions. 
7. What is poisson's ratio ? Explain that within elastic limit poisson's ratio depends only on the nature of the 
substance and not on stress. ` [H. S. 2003] 
8. What is meant by Young's modulus of steel is 2x 10!! dyne/ cm’, ? 
9, Write the relation between the elastic modulii and constant. = 
10. What is meant by poisson’s ratio ? What are its theoretical range of values ? 
11. Can poisson's ratio be negative ? Explain. 


7175 (040-238) 


12. A stretched wire suddenly breaks. Will its temperature change ? Explain. [ J. E. E. 1998 ] 
13. Define bulk modulus. How is it related to compressibility ? [ J. E. E. 1998 ] 
14. What is the value of poisson's ratio for a perfectly elastic body 2? s 

15. Which property of a material is exhibited after the elastic limit is exceeded ? [JEE 1993] 


16. What is meant by force constant of a spring ? Which property of th spring is expressed by this constant ? 

17. The force constant of a spring is k. Now the spring is divided into three equal parts. What is the force constant 
of each part ? d 

18. What are the two types of bulk modulus of a gas ? How are they related to pressure of the gas ? 

19. When a compressive pressure of 100 atm is applied on a sphere its volume decreases by 0.0126. What is the 
value of bulk modulus of the material of the sphere ? ‘ [ Ans 10? dyne / cm? ] 
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20. Bulk modulus of rubber is 9: 1x 105 Nm. At what depth under water its volume will decrease by 0-1% ? 
[ Ans. 100 m] 
21. Atnormal atmospheric pressure what is the value of isothermal bulk modulus of a gas ? [Ans. 1-03x 10 Nm] 
22. At normal atmospheric pressure what is the value of adiabatic bulk modulus of a gas ? y of the gas is 1-4. 
[ Ans. 1-442x 10 N m>] 
23. State Hooke's law of elasticity and define elastic modulus. Steel is more elastic than rubber—Explain 
[H. S. 2001] 


24. What is poisson's ratio ? What is a perfectly elastic body. [H. S. 2001] 


25. What is the nature of the stress when the shape of the body changes without change in volume ? 
[J. E. E. 1993] 


26. Draw stress-strain graph for a perfectly elastic body. 


B. Essay type questions : 

1. (a) Define the quantities : .(i) Perfectly rigid body (ii) perfectly elastic body (iii) yield point (iv) breaking 
load. 
(b) State and explain Hooke’s law in elasticity. 
(c) Draw stress-strain graph for an elastic body. Denote the region where Hooke's law is applicable. 

2. (a) Explain : diamond is more elastic that steel. 

(b) Define different types of stress. n 
(c) What is poisson's ratio. If it a elastic modulus ? 


3. What are elasticity and elastic limit ? Define strain and stress. [ H. S. 2002 ] 
4. What is meant by the statement Young's modulus of copper is 12- 6x 10!! dyenes/ cm? [ H. S. 2002 ] 
5. A body is stretched within elastic limit. What is the increase of potential energy of the body ? [ H. S. 2000 ] 
6. Calculate the work done per unit volume when a metallic wire is elongated. [ H. S. 1994 ] 


7. A metal wire is stretched by suspending: weight to it. If e be the longitudinal strain and Y its Young's medulus 


show that the elastic potential energy per unit volume is given by jve 
8, For a given material the Young's modulus is 2-4 times the modulus of rigidity. What is its poisson's ratio ? 
[Ans. 0:2] 
9. Show that the elastic potential energy per unit of a body due to longituational deformation is 4x stress x strain. 


[ J. E. E. 1996 ] 
10. (a) Define stress and strain. 


(b) Young modulus of steel is. 2x10? C. G. S. unit. What does it mean ? Express this value is SI system. 
11. A wire of length ‘L and cross sectional area ‘o’ is stretched by ‘I’ where / «« L. Show that if the elastic limit 


‘ j 2 

is not exceeded then potential energy of the wire increases by Yes : [H. S. 1998] 
12, (a) Distinguish between solids, liquids and gasses on the basis of the elastic modulii [ J. E. E. 1995 ] 

(b) What do you understand by ‘compressibility of oil is 20x 10 5(atm)"' [ J. E. E. 1995 ] 
13. (a) What is poisson's ratio ? Discuss whether it is an elastic modulus. [ H. S. 1999, 1996 ] 

(b) What is the maximum and minimum value of poisson's ratio ? [ H. S. 1996 ] 


14. Describe a method of determine Young's modulus in the laboratory. 
15. (a) Define force constant of a spring. Obtain its expression for its elastic potential energy. 
(b) What is the physical meaning of the term ‘force constant’ ? 

C. Simple numerical problems : 

1.. When a tensile force of 60 N is applied to a metal wire of length 5 m and area of cross section 10? m, 
elongation of the wire is 4-0x 107? m. Calculate : (i) Stress (ii) Strain (iii) Young's modulus of the material 
of the wire. [Ans. (i) 6x10? Pa (i) 8-0x10-^ (iii) 7-5x 10'? Pa] 

2. The elongation of a wire of diameter 1-5 mm is 5 mm when subjected to a force of 1 kg. What will be the 
elongation of a wire of same material and having same length but of diameter twice of the first wire when 
subjected to a tension of 6 kg. [ Ans. 0-75 cm] 
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Breaking stress of steel is 8-0x 10° Pa and density 8x 10? kg / m^. What maximum length of a steel wire can 
be hung so that it does not snap due to its own weight ? [ Ans. 100 m.] 


. A wire of length 3m and of area of cross section 6.25x10- m? elongates by 3 mm when subjected to a 


tension of 120 kg-wt. Calculate Young's modulus of the material of the wire. (g = 9-8 m/s?) 
[ Ans. 18-8x 10 Nm] 


. Two wires X and Y are of same length and are made of same meterial. But area of cross section of X is double 


that of Y. Young modulus of X is 1-0 10!! Pa and of Y is 1-8 x 10! Pa. What will be the elongation of X due 
to a load of 2 kg if due to the same weight the wire Y elongates by 0.072 mm ? [ Ans. 0:065 mm] 


. A wire of length 2m and having radius 103 m is subjected to tensile force to produce an elongation of 107 m. 


What is the contraction in radius ? Poisson's ratio of the material of the wire is 0-25. [Ans. 1-25x 107* mm] 


. X and Y are two wires made of same material. Length and diameter of the wire X are twice of those of the wire 


Y. What force should be applied on the wire Y so as to produce same elongation as is produced in the wire X 
by a force of 100 N ? [Ans. 50 N] 


. A steel wire of length 5m and of radius 6 mm is suspended from its one end. What will be the elongation of the 


wire due to its own weight ? Young's modulus =2x 10!! Nm? and density 8000 kgm. [Ans. 49 x 10m] 


The lower surface of a cube of side 50 cm is fixed. A tangential force of 104 kg is applied on the upper surface 
and upper surface is displaced by 0-03 mm with respect to the lower surface. Calculate (i) shearing stress (ii) 
shearing strain and (iii) rigidity modulus. of the materal of the cube. 

[ Ans. (i) 3:92 x108N m? Gi) 6x10% and (iii) 6:33x10 Nm? ] 
A wire breaks due to an applied force F. What force is required to break a wire of same material if (i) the length 
of the wire is double the length of the first wire but of same radius, (ii) the length of ‘the wire is same as the first 
wire but having double diameter Y [ Ans. (i) F (ii) 4F ] 
One end of an iron wire of length 250 cm and diameter 1 mm is fixed to the ceiling and a load of 8 kg is applied 
at the other end. What will be the elongation of the wire ? 
Young's medulus of iron Y 22x 10? dynes/cm?; g -980cm/ sec? [ Ans. 01248 cm] [W. B. H. S. 1936] 
The length and diameter of a metallic wire are 300 cm and 0-1 cm. It is elongated by weight of 10 kg. Young’s 
modulus of the material of the wire is 20x 10!! dynes/cm? and. poisson's ratio 0-26. Calculate the contraction 


of the wire. Given, g=980cm/ s. [ Jur 16:2x 1076 cm] [H. S. 1993] 
A wire is made of a material of density 10 g/c.c. and breaking stress 5x 10 Nm ^. What length of the wire will 
break under its own weight when suspended vertically ? g = 10 ms © {Ans.L=5x10 m] 


Bulk modulus of rubber is 9-8 x 108N m 7. To what depth a rubber ball be taken in a lake so that its volume is 


decreased by 0-146. [Ans. 100m] 
2J work is done in stretching a wire by 1 mm. What work is required to stretch another wire of the same ` 


material but double the radius and half the length by 1 mm ? [Ans. 16J] 
When a load of 5 kg is suspended from one end of a wire of length 1m and radius 2 mm, the length of the wire 
increases by 0:1 mm. If poisson’s ratio of the material of the wire be 0-4, calculate change in radius of the wire. 
If the load is decreased to 2 kg, what will be the charge in length ?[ Ans. (i) 8x 1075 mm (ii) 32x 1075 mm] 
[H. S. 1990] 

Two wires each of length 4 m have diameters 2 mm and 3 mm and they are made of different materials. When 
a load of 5 kg is suspended from each wire elongation of one wire is twice of the other. Calculate the ratio of 
the Young's modulii of the lwo wires. [ Ans. Y, :Y529:8] [H. S. 1989] 
The value of Young's modulus ofa wire is Y 218-5x 10!! dynes / cm? and poisson's ratio 0-238. Calculate 
(i) bulk modulus and (ii) rigidity modulus of the material of E wire. D T 3 
[Ans. (i) k = 11:77 x 10 dyne / cm’. (ii) m =7:47 x 10° dyne / cm] 

A local of 20 kg is suspended from the lower end of a copper wire of radius 1 mm. If the wire suddenly breaks 
what will be the rise of temperature of the wire 2? Young's modulus of the wire, Y =12x 109 N m”, density 


9 g/ c.c. and specifice heat of copper = 100 cal / Kg eU [Ans. 4-29x10?k]  [J. E. E. 1997 | 
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20. When a steel wire of length 1 m and of area of cross section Imm? is subjected to tension of 200N, it elongates 
by 1 mm. What force is required to produce elongation of 2 cm on a wire of length 10 m but having same area 
of cross section as the first wire ? ; [ Ans. 400 N ] 

21. An spring elongates by 1 cm by suspending a load of 4 kg from its one end. When two such springs are 
connected one after the other and a load of 6 kg is suspended from them what will be the elongation now ? 


[ Ans. 3 cm ] 
22. When a force of 200 N is applied at the lower of a wire with the upper end fixed, the wire increases by 1 mm. 
What energy is stored in the wire ? [ Ans. 0-1 J] 


23. When a copper wire of length 3m and diameter 4 mm is subjected to a tension of 150 kg, its length increases 
by 2-7 mm and diameter decreases by 1-2 x 107? mm. Calculate Young's modulus and Poisson’s ratio of copper. 
[Ans. 13x10 N/m?; 0.33] [H.S. 2000] 
24. Two wires of different materials have same length and area of cross section. The ratio of their Young's modulus 
is 2:5. They are put under same tension. Calculate : (i) ratio of the increase in lengths, (ii) ratio of the time 
periods of their longitudinal vibration. [Ans()5:2 (i) 45:42] 
25. The length and diameter of the rubber cord of the catapult of a boy is 42 cm and 6 mm respectively. He throws 
a stone of mass 0-02 kg with a velocity of 20 m/s by stretching the cord by 20 cm. Calculate Young's modulus 

of copper. 


E 

[ ine: Pal 23m »] [Ans. 2:97x10° Nm] 

26. The area of cross section of steel wire is 0-5 mm^. The two ends of the wire is fixed rigidly in a horizontal plane 

and at 20°C its tension is negligible. Now, the temperature of the wire is lowered to 0°C. Calculate tension 
produced. Y of steel = 21x 10!! dyne / cm”, coefficient of linear expension of steel = 12x 10~6/°C 

[ Hint: F=YAat] [ Ans. 25:2 N ] 


27. A copper wire is suspended from a rigid support. What can be the maximum length of the wire sọ that it does 
not break due to its own weight. Density of copper = 8600 kg / m`, breaking strees = 2:45 x 10° N / m^ and 


g 2 9:8 m/s 3 [Ans. 2:9 km ] 
28. The density of water at the surface of a lake is 1000 kg / m . What will be its density at a depth of 400 m. Bulk 
modulus of water K 22x 10 Nm”  g-298m/s [ Ans. 1002 kg/m ] 


29. The radius of a copper wire is twice that of a steel wire. One end of copper wire is joined with one end of the 
steel wire and same tensile force is applied to them. If the length of the copper wire increases by 1%, what will 
be the percentage increase in length of steel wire ? Given, Young's modulus of steel is twice that of copper wire. 

[ Ans. 2% ] 

30. Two blocks of equal mass are separately suspended from two light springs of force constant k, and k respectively. 

The two blocks are set into oscillation in such a way that they have equal maximum velocity. Calculate the ratio 


of amplitudes of oscillation of the two blocks. [Ans. Jk, : Jk] [L L T 1988] 

31. A shear force of 7-5x 10° N is applied on the upper surface of an aluminium cube of side 10 cm when the 

upper surface is displaced by 0-03 cm with respect to the lower surface. Calculate rigidity modulus of aluminium. 

[ Ans. 25x 10  dyne/ cm] 

32. Two equal and opposite forces are applied on two opposite surfaces of a metal cube of side 5 cm. What force 
should be applied to twist it by 0-01^. Rigidity modulus of the copper 2:5 x 10!! dyne / cm’, 

j [Ans. 10:9 x 10° dyne] 

33. What force be applied at the end ofa wire of area of cross section 1 cm“ so that the length becomes double ? 

Y of the wire = 2 x 10 ^ dyne / cm’. , [Ans2x 10° dyne] 

34. The volume ofl litre oil is diminished by 840 cubic mm under a pressure of 21 kg/cm“. Calculate bulk modulus 

and compressibility of the oil. [Ans.25 x 10° kg/cm"; 4x 10^ kg! cm^] — [W. B. H. S..2004] 

35. A metallic sphere is immersed in a liquid. If the normal pressure on the sphere is increased by 8x10! dyne/cm" 

volume decreases by 596. Calculate the bulk modulus of the metal. [Ans. 1-6 x 10!! dyne / cm] 

36. A composite wire of uniform cross section of 2-5x 10? m? consists of a steel wire of length 1-5 m and 2:0 m 

of copper wire. When a tensile force of 200 kg is applied on the composite wire, what is the total elongation ? 

Y of steel is 2-0x 10!! N/m? and of copper is 1-0x 10! N/m. [ Ans. 2:16 m] 
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A vessel contains 600 c. c. of air at pressure of 760 mm Hg. If the pressure changes by 2-0 mm of Hg volume 
changes by 0-6 c. c. Calculate the value of bulk modulus of the gas. [ Ans. 2: 7x10 No J 
A copper wire of length / is suspended from its one end. It density is p and Young's modulus is Y. Calculate 
(i) Increase in length due to its own weight (ii) longitudinal strain (ii) bulk modulus in terms of poisson's ratio. 

[Ans.G) zy g^ Gi) ext, ii) e(1-20)] 
Harder numerical problems : 


A steel wire of length 2 m and diameter 2 mm is kept horizontally between two rigid supports. What load be 
hung at the mid pojnt so that the mid point is depressed by 0-5 cm ? Young's modulus of steel 
22x10" dyne / cm. H [ Ans. 32 gm-wt. ] 
A uniform glass tube of length 120 cm is closed at-one end and is filled with water, when the tube is pulled 
along its length, it elongates by 1 cm, but the length of the water column increases by 0-7 cm. Calculate 
poisson’s ratio of glass. [ Ans. 0:36 ] 


. A sphere of mass 25 kg and radius 10 cm is suspended by a steel wire of length 500 cm from the ceiling of a 


room. The height of the ceiling from the floor is 521 cm. When the sphere oscillates like a pendulum then the 
lower part of the sphere touches the floor. Calculate the velocity of the sphere at the lowest point. Y of steel 
2 x 10 ^ dyne / cm“ and radius of wire = 0-05 cm. [ Ans. 3-75 ms ] 
A body of mass 7 kg and density 2:7 g / c.c. is suspended by a steel wire of length Im and radius 1 mm. If the 
body is completely immersed in water what will be its changes in length ? Y of steel =2x 10! Nor? and 
g-9-8g/c.c. [ Ans, 1-15x 10? cm] 


. Two blocks of masses 1 kg and 2 kg an suspended from the two ends of a wire which 


passes over smoth pullley. Breaking stress of the wire is 2x 10° N/m?, what is the 
minimum radius of the wire, so that it does not break ? g= 10 m/s? [ Ans. 4-6x 105m] 
A body of weight 20 N is suspended from one end of a wire of length 20 cm and of area of 
cross section 3 mm“. The body is rotation in a vertical circle about its other end. If the j 
velocity at the lowest point be 2 m/s, calculate its elongation at the lowest point. Y of the 
wire is 2x10!  N /m? [Ans. 1-33x105m] 1Kg 


s «— 


. A light bar of length 2m is suspended horizontally by mean of two wires of equal lengths 2Kg 


connected to its two ends. One wie is made of steel haveing area of cross section of 0-1 Fig. 2-15 
cm? and the other wire is made of brass having area of cross section 0:2 cm’. Find the å 
point an the bar where a weight must be suspended in order that both the wires experience (i) the same stress 
(ii) the same strain. Given Y of steel = 2 x 10 dyne / cm“. and Y of brass = 10x 10. dyne / cm. 

[ Ans. (i) at a distance of 133.3 cm from the steel wire (ii) at the mid point of the bar ] 
A composite wire is made by a copper wire and a steel wire of total length 3 m. The length of each wire is r5 
m and diameter of cross section 2 mm. A weight is suspended from the lower end of the composite wire. If the 
increased length of the wire be 3-003 m, calculate (i) longitudinal strain of copper wire (ii) longitudunal strain 
of steel wire and (iii) applied force on the wire. [ Ans. (i) 125x102; (ii) 0.75x 10; (iii) 471-24N] 
A steel wire and a brass wire are suspended from the ceiling of a room and the separation between the wires is 
30 cm. The lower ends of the two wires are connected to a light horizental bar. The length of each wire is 4 m 


and area of cross section 0:004 cm’. What weight be suspended from the bar so that each wire elongates by 0:1 
=2x10! dynes/ cm? and Y of brass 


cm ? At what point from the brass wire the load be attached. Y of steel 
[ Ans. 3061 gm-wt ; 20 cm ] 


210^ dyne / cm’. i 
o supports in a horizontal plane. When the distance between the two supports 


A wire is rigidly fixed between twi SO x 
is 100 cm, the linear elongation of wire is 0-05 cm. Calculate the lowest frequency of transverse vibration of the 


string. Given Young's modules of the wire is 9 x 10 dyne / cm" and density x gm/ c.c. [ Ans. 35:35 Hz] 
A wire is rigidly fixed between two supports and at 30°C the tension in the wire is negligible. What will be the 
velocity of transverse vibration in the string ? Coefficient of linear expension of the wire is 18x1075/7C , 
Y 212 x 10! dyne / cm“ and density of copper 6:0 gm/c.c. [Ans. 60 ms] [ J. E. E. 1990 ] 
A block of mass 1 kg while moving on a horizontal surface strikes a spring along its axis. The other end of the 


spring is fixed. As a. result the spring contracts by 4 m. If the force constant of the spring be 2 Nm and the 


coefficient of friction between the block and the horizontal surface be 0-25, claculate the initial velocity of the 
block. [ Ans. 72 m/s ] 


410 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


25. 


A TEXT BOOK OF PHYSICS 


13. Two blocks A and B are connected by a string and a spring. The string passes.over a 
pulley attached with a larger block. C. [Fig. 2.16]. The block A is placed on the block 
C. The block B slides on the vertical side of C. The force constant of the spring is 
1960 Nm". If the mass of the block B is 2 kg, calculate the mass of the block A and 
energy stored in the spring. fAns. 10 kg, 00987] [LIT] 
Hp _ 2 "m 3 
Fig. 2-16 [ Hint: Tension in the string, T=mpg =U mag my = it SO 10kg: Also T=ky] 


A block of mass 0-5 kg moves along a horizontal track from the point A 


1 i — > 3m/s 
with the velocity 3 m/s towards a spring [ Fig 2.17] The length of the spring 
is 1 m and its force constant is 2N/m. The part AB of the track is frictionless. 
For the part BC the coefficient of static friction is 0-22 and kinetic friction. A B D C 
0-2. If AB = 2m and BD = 2-14 m. then what distance will the block move Fig. 217 


before it comes to stop ? g = 10 m/s [ Ans. 424m] [LLT] 
The radius of a copper wire in twice that of a steel wire. One end of copper wire is connected to the end of a 
steel wire. A longitudinal force is applied to the wires. If the length of the copper wire increases by 1% what is 
the-increase in length of-the steel wire ? Given, Ys = 2Y copper: [Ans. 2% ] 
The volume of some amount of air is 200 c.c. At constant tamperature if the pressure on the air is increased by 
Imm of Hg, its volume decreases by 0:763 c.c. Calculate isothermal bulk modulus of air. 
; 4a 2 
] [ Ans. 1:35 x 10" dyne / cm" | 
The length and area cross section of uniform bar of weight w are respectively L and A. It is suspended from a 


fixed support. If Young's modulus of the bar be Y, what will be its elongation ? Ans. | 732AY| 


A steel wire of length 1 m and diameter 0-8 mm is kept horizontally between two supports. What weight be 
hanged at the midpoint of the wire $o that the midpoint of the wire sags be 1 cm ? Young’s modulus of steel, 
Y=2x 1Q11N/m. [ Ans. 82 gm] [H.S 2002] 
When a load of 5 kg is applied at the lower end of a wire of length 2m and of radius of cross section 2 mm the 
length of the wire increases by 2-5 mm. Now another string of length 1 m and having radius of cross section 
mm is attached at the lower end a load of 5 kg. A load of 3 kg also attached at the lower end of the second wire. 
Calculate (i) total elongation of the two wires (ii) elongation of each wires.[ Ans. (i) 7mm (ii) 4 mm, 3 mm 
A steel rod is heated to 500°C. Its two ends are fixed rigidly at a separation of Im. Now the rod is gradually 
couled. At what temperature the rod will break ? œ of steel 2 11x 10-5 /K, Y =2x10!'Nm and breaking 
stress = 8 x 10° n m ^. [ Ans. 134-4°C 
When a body is suspended from the lower end of a wire with the upper end fixed at the ceiling of a room, the 
wire elongates by 2 mm. When the body is immersed in water it contracts by 0-6 mm. Calculate the density of 
material of the block. Density of water 1000 kg/m . [ Ans. 3.33x10? kgm” ] 
On end of wire of length 3 m and having radius 0:4 mm is fixed to a rigid support and from the lower end a 
heavy solid cylinder is suspended. The volume of the cylinder is 10^ m . If the cylinder is immersed in a liquid 
of density 800 kg/m’, what will be the contraction in length of the wire ? Y of the wire =8x10!° Ng? 
[Ans. 2.339x10? m] 
One end of wire of initial length 1-5 m is fixed at P and the other end is attached to a load of 2 kg-wt. The 
length of the wire is now found to be 1-53 m. The load is then raised upto P and then released. Find the 
maximum distance below P it will descend. [Ans. 1-83 m ] 
A steel wire of length 2m and having diameter 0-8 mm is rigidly fixed at its two ends horizontally. When a load 
is attached at the mid point, it depresses by 1 cm. Calculate the load. Y of steel = 20 x 10!! dyne / cm’. 
[ Ans. 1025 gm] [J.E. E. 1995] 
A steel wire of length 2 m and of radius 2 mm has a sphere of mass 2 kg attached at its one end. It is rotated in, 
a vertical circle and has an angular velocity of 3 rev/s at the bottom of the circle. Find the.elongation at the 
lowest point. Y of steel 220x10 Nm? and g=10m/s?. [ Ans. 0-115 cm ] 


TOPICS : Density; specific gravity; Difference between density and specific gravity 
of a substance; Temperature correction of specific gravity; Pressure thrust of a fluid; 
Magnitude of pressure at a point inside a liquid; Characteristics of pressure at a point in à 
liquid at rest; Hydrostatic paradox; Free surface of a liquid at rest is horizontal; Liquid 
always finds its own level; Equilibrium of two liquids in a U-tube and to compare their 
densities; Transmission of pressure through fluid: Pascal's law; Multiplication of thrust; 


Hydraulic Press; Examples. 


3.1. Introduction : 

Matters are classified into two broad categories — solids and fluids. A fluid is a substance that can 
flow and does not have definite shape. Now, liquid and gases do not have any definite shape and they can 
flow. Thus liquids and gases are fluids. Liquids take the shape of the vessel in which they are placed. 
Gases differ from liquids in that they do not have fixed volume. They not only take the shape of the 
vessel but also fill it completely. So a gas always fills up the container completely whatever its size may 
be. Another difference between liquids and gases is that a liquid is practically incompressible while the 
gas can easily be compressed. 

A fluid at rest cannot sustain a tangential force. It implies that a fluid has no rigidity. Under the action 
of a shearing force or tangential force, a fluid begins to flow. Therefore, the forces acting on à fluid at 
rest have to the normal to its surface. ‘An important consequence of the property is that the free surface 
of a liquid at rest under the force of gravity is horizontal because the force of gravity acts vertically 
downward. 

A fluid exerts a normal force at any surface in contact with it, 

Many areas of science and industry are concerned with fluids. Engineers and Scientists who are engagec 
in the design of submarines, aeroplanes, missiles, rockets, ships and satellites have to consider the propertie: 
of fluids. Hydraulic presses, barometers are manufactured by taking advantages of the properties o 
fluids. 

The discussions related to the fluid at rest depends on two important properties of fluid : 

(i) A liquid or a gas always exerts a normal force on the surface in contact with it. 

(ii) When a pressure is applied at any point of a.confirmed fluid it is transmitted throughout th 


liquid with undiminished magnitude. 

3.2. Density : 

We see that for the same volume different materials have different mass. This difference in mass ca 
be explained by the concept of density. The heaviness or lightness of a substance is attributed to th 
difference in density. Higher the density heavier is the body for a given volume. 

Definition : The density of a substance a defined as its mass per unit volume. 

S y inen . mass m 

If a substance of volume V is of mass m, then its density is P = olumg V 7707777 (581 

Density is a scaler quantity. 

Unit : C. G. S unit of density is g cm -3 and in S. I system to unit is Kg m?. 


Dimension : Dimension of density is [p ] =[ ML> ] 
Effect of pressure and temperature on density : 
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The effect of pressure on the density of solids and liquid is negligible. Because increase of pressure 
even of a high magnitude has practically no effect on the volume of solids or liquids. It means that solids 
and liquids are incompressible. On the other hand, gases are easily compressed. For this reason, density 
of a gas depends markedly on pressure applied on it. 

Agains with rise of temperature, in general, volume of a substance increases. As the mass does not 
change, density of a substance decreases with increase of temperature. This change in density is much 
greater is gases than in the care of solid and liquids. For this reason, while citing density of a gas we must 

mention its pressure and temperature. Usually we express the density of a gas at normal temperature and 
pressure (NTP). Normal temperature is 0°C and normal pressure is 76 cm of Hg pressure. 

For solids and liquids, it is not necessary to mention the pressure as its effect on density is negligible. 


Example 3.1 : The volume of a substance of mass 50 kg is 25 x 107? m’. What is its density ? 


Solution : Density, EZ Here m = 50 kg and V = 25 x 10? m? and 
30.190. 
P= 25x103 


Ex. 3.2 : A liquid of mass m, and density p, is mixed with another liquid of mass m, and density 
Pz If the volume of the mixture does not change, what will be the density of the mixture ? 


[ W. B. H. S. 1989, 1987] 


22x10) kg m3 


Solution : Total mass of the mixture = m, +m, 
m 
Volume of the first liquid, V AX and that of the second liquid V2 =2 
1 2 


- Total volume, y-Yyp ty = Mo 
1 2 152 
m +My _(m +m) did, 


v md, + md, 


-. density of the mixture, Pe 


3.3. Specific Gravity : 


We see that weights of equal volume of different substances are different. For example : Im? gold is 
heavier than 1m? iron. 1 c.c of mercury is much heavier than 1 c.c of water. To compare densities (mass 
per unit volume) of different substances it is easier to choose one substance as standard of density and 
campare the densition of all other substances with it. This leads to the concept of specific gravity. For 
solids and liquids, the standard substances is pure water at 4*C. So specific gravity of a substance shows 
how much heavier it is with respect to equal volume of water at 4*C. 

Definition : The specific gravity of a solid or a liquid is defined as the ratio between the mass of 
certain volume of the substance to the mass of equal volume of water at 4°C. So, if ‘s’ denotes the 
specific gravity of substance, then 

s= 288 of certain volume of the substance — mass of unit volume of the substance 

mass of same volume of water at 4°C mass of unit volume of water at 4°C 

_ densities of the substance | 
esurire eee ee 


$a 


densities of waterat4?C — "^ Po Hit 9 DESIS2ED Sie desc aW T Shola ( 32) 
*. density of a substance = Its specific gravity x density of water at 4°C 


It is to be mentioned that specific gravity of a substance may also be called relative density. Because 
it is the ratio of two densities. 


Evidensly, specific gravity is a pure number. It has no unit or diamension. 
Like density, specific gravity is a scale quantity 
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(i) InC.G. S system, p, 7 1g/cc. Sop-sgm/c.c 

(ii) In S.Isystem, p, — 1000 kgm. So p =1000s Kg.m ? 

Specific gravity of gold is 19:3. So density of gold is CGS system is 193 g / c.c and in SI system 
density is 19300 kg m”. 

Example 3.3 : A vessel completely filled with water weights 75 g. When filled with mercury, it 
weights 705 g. Again when the vessel is filled with an acid it weights 117 g. If the specific gravity of 
mercury be 13:6. Calculate density of the acid. 

Solution : Let the empty vessel weighs w gm and its volume V c.c. So, weight V c.c water = ( 75-w) 
gm and weight of V c.c of mercury = (705- w)gm 


705— = 
. Specific Gravity of mercury, s= Sb te 7 age = 
75--w 


13-6 ^. w=25 
75—w id - acd 
17-w 17-25 92 


Specific Gravity of acid, 5,7 J5-w ^ 15-25 50 


n5 71:84g/c.c 


Ex. 3.4: A metal alloy made of iron and aluminium weights 588 g and its volume is 100 c.c. 
Specific gravity of iron is 8:0 and of aluminium 2:7. Calculate the ratio of (i) masses and (ii) volumes 


of the elements in the alloy. 
Solution : Let the alloy contains m, gm iron and m, gm aluminium. 


: : ijo ms " 
. m + m, = 588 NUS (i) and eae MET cer (ii) 
Solving these equations, m, = 480 gm and m, = 108 gm 
my 480 40 
(i) so, the ratio of the masses iron and aluminium in the alloy is m, zm 308 - 9 
480 108 

Gi) Now, volume of iron Vj = tem 60 c.c and volume of alluminium, V5 = an 40 c.c 

Mays 

V, -40 2 


Ex. 3.5: When two substances are mixed in equal volume, the specific gravity of the mixture in 
8. But when this are mixed in equal mass, the specific gravity becomes 6. Calculate the specific 
gravity of the two substances. [ H. S 792, *96] 

Solution : Let the specific gravities of the two substances are S, and S». In the first case, let volume 
of each substance taken is V c.c. 

*. Volume of the mixture = 2 V c.c and its mass = V (S, + S, ) gm 

V(S, + $5) 

2V 
Again in the second case, let mass of each of the substances by m. 


t : 
Density of the mixture — r2 4$) +: $ $216... (i) 


m m 
-. Now, the total mass of the mixture = 2m and its volume rm m 5, ec 
1 2 


2 " ; TS oe 6 
+, Specific gravity of the mixture =- Qm - 
Sy S 
vp sve 
SiS; $,8,248.. ... (ii) 


From the equation (i) and (ii), S, = 12 and S, = 4 
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3.4. Difference between density and specific gravity of a substance. 
The differences between density and specific gravity of a substance are 
() Density is the mass per unit volume. But specific gravity of a solid or a liquid is the ratio of 
density of the substance to the density of water at-4*C. So, specific gravity is the relative density. 
(i) Density has definite unit, but specific heat has no unit. 
(iii) Dimension of density is [ ML? ], but specific gravity is dimensionless, 
(iv) Value of specific gravity is same in all system of units, but density of a substance has different 
values in different units. For example, in all system of unit, specific gravity of mercury is 13-6; but 
density of murcury in C. G. S is 13:6 g / c.c and in SI System it is 13600 kg / m?. 


3.5. Temperature correction of specific gravity. 

To determine the specific gravity of a substance we measure the mass of the substance and the mass of 
the equal volume of water in the laboratory. The ratio of these two masses is taken as the specific gravity 
of the substance. But temperature of water during experiment is usually not 4°C, 

Hence temperature correction of specific gravity has to be introduced to get correct result, This can be 
done in the following way : 

Let the temperature of water during the experiment be tC, 


, , mass of the substance 
, So, the measured specific gravity, S^ = mass of equal volume of water at PC 


: s mass of the substance 
But actual specific gravity, Sz mass of equal volume of water at 4°C 


Bats mass of the substance y mass of equal volume of water at t? C 
*S = masof equal volume of wateratt?C ^ mass of equal volume of water at 4°C 


= measured specific gravity x density of water at t°C = s^ x P, 


So, true specific gravity is obtained by multiplying measured specific gravity with the density of water 
at that temperature. 


3.6. Pressure : 
Pressure is the normal force exerted by fluid per unit area of the surface. 


normal force F 
If a force F acts normally on an area A then pressure on the area is P = —— —— —— — = zi 


; area 
Unit (i) In C. G. S system unit of pressure in dyne / cm? 
(i) In S. I system unit is Nm or Pascal ( Pa) 
MLT~] 
P " - à = E -bHn-2 
Dimension : Dimension of pressure is [P] "miei ju ] 


Example : (i) Suppose a brick is on the floor. The force exerted on the floor is equal to the weight of 
the brick. This forces is always same whatever be the orientation of the brick. But the pressure exerted on 
the floor will be different for different orientation of the brick. If the larger surface is in contact with the 
floor pressure produced will be minimum . On the other hand if the smaller surface of the brick is in 
contact with the floor, the pressure will be maximum. 

(ii) The area of the sharp end of nail is smaller. Suppose the nail is held with the Sharp end in contact 
with a surface. Now if a force is exerted on the head of the nail by a hammer, large pressure is applied on 
the surface and the nail enters into the surface easily. 
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3.7. Thrust of a fluid : 


When a fluid is taken in a vessel, it exerts a force on every point of the surface of the vessel in contact 
with the fluid. This force is normal to the surface in contact with the fluid as shown in fig 3.1. That a 
liquid exerts pressure can be proved by a simple experiment as described below : 


We take a glass vessel with a side tube. The tube is fitted with a piston P 
[Fig 3.2]. When the vessel is filled with water or any other liquid, the piston 
begins move outwards. To keep the piston in its initial position a force has to 


be applied from outside. It proves that the liquid exerts pressure on ne wallof eL err 
the vessel. oajct 


Definition : The pressure at a point due to 
a fluid is the normal force the fluid exerts on 


unit area around the point. If F be the normal Fig. 31 
force exerted by the fluid on a small area A Y 


b : : F 
surrounding a point, then the pressure at the point is. P= Fi 


Thrust : Thrust is the normal force exerted by the fluid on a surface 
in contract with it. 


Fig. 3-2 


Thrust = pressure x area. 
Unit of thrust : Thrust is a force. So it is a vector and its unit is Newton (N) in SI system and dyne 
is C. G. S system. 
Dimension : Dimension of thrust is [ MLT ~? ]. 


3.8. Magnitude of pressure at a point inside a liquid : f 

A cylindrical vessel contains a liquid of density p [ Fig 3.3]. B is a ] 
point at a depth / inside the liquid where we want to calculate the pressure. 
We consider a small horizontal area A surrounding the point B. We imagine 
a liquid column on the area A upto the surface of the liquid in the vessel. 
Evidently, force exerted by the liquid on A is the weight of the liquid column 
of base area A and height A [ Fig 3.3]. 

Thrust of the liquid, F = Weight of the liquid cylinder 

<. F= volume of the liquid cylinder x density of liquid x acceleration 
due to gravity Ah x p X g 


'. Pressure at Bis P= L- hpg . So, the pressure at a point at a depth h is P = NW pg: ts (3.4) 


So, (i) Pressure inside a liquid at every point situated on the same depth is equal. 
(ii) Liquid pressure is proportional to depth (Pah) 
Gii) Pressure of liquid at a particular depth is proportional to density of the liquid ( P © p ). 
It is to be noted that the magnitude of pressure as given by equation (3.4) is the pressure exerted by 
the liquid only. If the liquid surface be open to atmosphere then, atmospheric pressure will also act on the 


liquid surface. Then the total pressure at a point inside a liquid will be sum total of pressure due to liquid 


and atmospheric pressure. So if, Py be the atmospheric pressure then the total pressure at a. depth h inside 


a liquid of density p will be P = Po +h P 8- .( 3.5) 
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3.9. Characteristics of pressure at a point in a liquid at rest : 3 
Inside a liquid at rest pressure acts in all directions. So a body immersed inside a liquid is acted upon 
by liquid thrust from all directions [ Fig 3.4 ]. That a liquid exerts pressure in all 
directions can be demonstrated by the following experiment. 


The experimental arrangement is 
shown in fig 3.5. F is a funnel whose 
mouth is closed by a stretched thin rubber 
sheet. The funnel is connected to a U-tube 
by means of a rubber tube. The U-tube is 
partly filled with a light coloured liquid. 
Now the funnel is taken inside the liquid 


Fig. 3.4 


(water) in thé vessel. 


(i) When the funnel is gradually lowered to a greater depth, it : 
will be found that the difference in height of liquid in the two Fig. 35 
arms increases. It proves that, pressure of liquid increases with depth. Pressure is proportional to depth. 


(ii) Keeping the mouth of the funnel at a certain depth inside the liquid, if it is turned in different 
directions, the difference in liquid levels in the U-tube remains unchanged. This shows that, liquid exerts 
pressure at a point equally in all directions. 


(iii) If the funnel is displaced to different points at the same horizontal level, the difference in liquid 
level in the U-tube is found to remain unchanged. So, the pressure exerted by a liquid at different 
points at the same horizontal level is the same. 


Example 3.6 : The depth of lake is 10 m. Calculate the total pressure at a point at the 
_ bottom of the lake in Pa. Given, atmospheric pressure is equal to 76 cm of mercury and density 
of mercury is 13:6 g/ c.c. 

Solution : From the equation 3:5: P = P +hpg 

Hence, P, = 76 cm of Hg = 0:76 x 1-3600 x 9-8 - Pa = 1:013 x 10.5 Pa, h=10m, 

p = 1000 kg / m, g =9-8 m/s2. 
^ P= 1:013 x 105 + 10 x 1000 x 9:8 = 1:993 x 105 N-m-2 = 1:993 x 105 Pa 
^. Total pressure at the bottom = 1-993 x 105 Pa. 


3.10. Hydrostatic paradox : 


Thrust exerted by a liquid at the bottom of a vessel containing the liquid depends only on the height 
of the liquid and area of the base and not on the total quantity of liquid and shape of the vessel. This 
phenomenon is known as hydrostatic paradox. 


From the equation (3.4) we see that the thrust 
at the bottom of a vessel of base area A containin g 
liquid upto a height h is F = h p g A. 

At a particular place ( g = constant ) some 
liquid ( p — constant) is taken in different vessels. 
If h and A are constant then thrust (F) at the 
bottoms of the vessels will be same, whatever be the shape of the vessel. 

We take three vessels of different shapes but having same base area [ Fig 3.6]. They are filled with a 
liquid to the same height. So the pressure on the base of each vessel is same. As they have same base area, 
the thrust on the base of each will also be same. 

The thrust on the base of the vessel A is equal to the weight of the liquid in A. The thrust on the base 


of B is less that the weight of liquid in the vessel B. But the thrust on the base of C, is greater than the 
weight of liquid it contains. So it is a paradox. : 
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Explanation : This seemingly impossible phenomenon can be explained if we remember that liquid 
always exerts normal pressure on the walls of the container and the wall in turn produces an equal and 
opposite reaction R on the liquid. 

(i) In vessel A whose sides are vertical, this reaction is everywhere is horizontal. So it has no vertical 
component. Obviously, the thrust at the bottom is only due to the weight of the liquid. 

(ii) In the case of vessel B, the vertical component V of the reaction R supports the weight of the 
liquid present on the slopping side. Evidently, the thrust on the vessel is the weight of the vertical column 
of the liquid standing on the base of the vessel only. 

(iii) In vessel C, the vertical component V of the reaction R acts downward on the base to provide 
extra thrust at the base. 

Demonstration Experiment : We take four vessels of different 
shapes and sizes but having equal base area. These vessels are 
knowns as Pascal's vessel [ Fig 3.7 ]. These vessels are open at 
both ends. The vessels can be screwed to the socket S fitted in a 
platform. A metal plate E fitted with the lower arm L can be pressed 
against the socket. This is done by placing weights on a pan 
attached at the other end of lever. 

First the vessel A is fitted to S; suitable weights are placed on 
the pan. Now water is gradually poured into the vessel A, till the 
plate E just get loose anid water escapes. The water in the vessel is 
marked by a pointer P. 

The experiment is repeated with other vessels. It is found that in all the cases as soon as water in the 
vessel rises up to the pointer P, the plate E just sets loose and water begins to escape. 

This experiment demonstrates that pressure depends only on the height of the liquid and not on the 
shape and size on the vessel. 


3.11. Free surface of a liquid at rest is horizontal. 
The important characteristics of the free surface of a liquid is that it always remains horizontal. Let 
some liquid is at rest in a vessel as in fig 3.8. We assume that the free surface 
is not horizontal but like a wave. Let A and B be two points on the same 
horizontal level inside the liquid. The depths of the two points from the free 
surface is h, and h, respectively. If the density of liquid be p then the pressure 
of liquid at A is P4 = h,p g and the pressure of liquid at B is Py =h, p 8 
Since A and B are at the same horizontal level the pressure at there two 
points must be equal. 


Fig. 3-7 


PA-Pp -. Apg-hpg -—hj-h; 
It follows that free surface of a liquid is always horizontal. 


3.12. Liquid always find its own level. 

A number of vessels of different sizes and shapes are inter 
connected as in fig 3.9. Now a liquid is poured in one of 
them. It will be found that liquid goes to all vessels and 
surfaces of the liquid in the vessel rises to the same level in 
each of them irrespective of the size and shape of the vessels. 
This is obvious because the pressure of the liquids at the points 
A, B, C and D lying in the same horizontal level must be 
equal. 


Phy (1)—27 
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3.13. Average pressure and total thrust on a surface immersed vertically in a 


liquid. 
h 
A B 
a h+b 
b 


E 


Fig. 3-10 


The pressure at any point of a surface immersed horizontally in a liquid 
is same and total thrust at the surface is obtained by, multiplying the pressure 
at any point by the surface area. i 

But when the surface is immersed vertically then pressure at different 
points will be different as depth of different points varies. In this case, we 
calculate average pressure on the vertical surface and then multiply it by 
the area of the surface to get the total thrust. 

Let a rectangular surface ABCD of length ‘a’ and breadth ‘b’ is immersed 
vertically in a liquid of density p as show in fig 3-10. Depth of the surface 


AB is h and that of the surface CD is h + b. 
Pressure at any point on the surface AB, P, - hp g 


and pressure at any point on the surface CD, P; = ( h + b) p g. 


Pi +P b 
'. Average pressure on ABCD, P= m ORE E (> * 2 Pg 


. Thrust on the surface ABCD, F= (s * 2) pg x ab 


b 
F=ab|h+— 
a( 3) 08 


ATE os CEC taut rero a RS (3.6) 


3.14. Equilibrium of two liquids in a U-tube and to compare their densities. 


(A) When the two liquids do not mix together : Two liquids which do 


not mix are poured into two arms of a U-tube. The free surfaces of the liquids 
are horizontal but their heights are different. We can compare densities of 
specific gravities of the liquids. 

In fig 3.11, two liquids of densities p, and p, are poured in the two arms 
of the U-tube. The horizontal tube AB marks the surface of separation of the 
two liquids. From the surface of separation heights of the two liquids are hy 
and h, respectively. Since pressures at different points at the same depth in a 


liquid at rest are equal we write, pressure at level A = pressure at lavel B 


Fig. 3-11 


Po + ^pjg = Po t hp5g [Pg = atmospheric pressure ] 
P1 


h 


E eie IS E ER ETE (3.7) 


So, at equilibrium, heights of the liquids from the surface of separation is inversely 
proportional to density of the liquid. 

(B) When two liquids are misicible ( Hare's apparatus ) 

In this case, the above U-tube method is not applicable, we can compare the 
densities of two liquids which are misicible by Have's apparatus method as shown 
in fig 3.12. The apparatus is a U-tube provided with a side tube. The two liquids of 


iram densities p, and p, are kept in two beakers. The two open ends of the U-tube are 


dipped into the two liquids and by the side tube (T) a partial vacuum is created and 
immediately liquids from the beakers will rise along the arms of the U-tube [ Fig 
=A: Jj 3.12] due to higher atmospheric pressure. Now, if the confined air pressure inside 
Fig. 3-12 the U-tube be P then, 
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Po =P +hpig =P +hpg [P= atmospheric pressure ] 
0 


P 
hpig = hPg AE =- 3.8 


So, we can determine the density of one liquid if that of the other is known. 

Example 3.7 : An air bubble of radius 1 mm is formed at a depth of 238 ft inside water in a lake. 
What will be the diameter of the bulb when it reaches the surface of water ? Height of water 
barometer is 34 ft. [ J. E. E. 2000] 

Solution : We apply Boyles’ law : Pj V, = PV; 


4 
P| = 238 + 34 = 272 ft water, V = (13 mm? 


4 
P, = 34 ft water; V2 = Be r? mmn? 


4 
nxia-Axlar 13-83 22mm 


<. Radius of the air bubble at the surface = 2 mm 

Example 3.8: The height of conical vessel filled with water is 50 cm and its area of the base 20 
cm?, The vessel is placed on the table with the base on the table. What is the thrust on the table due 
to the water in the vessel. [ J. E. E. 1989 ] 

Solution : Thrust on the table due to water in the conical vessel is F = Pressure at the bottom x area 
of the base = h p g A. 

Here h = 50 cm, p = 1 gm / cc, g = 980 cm / sec 2, A = 20 cm? 

F = 50 x 1 x 980 x 20 dyne = 50 x 20 gm wt = 1 kg. wt. 

Example 3.9 : The areas of cross section of two arms of a U-tube are 1 cm? and 0-1cm ? 
respectively. Now water is poured in the tube where water rises to the same lavel. What volume of a 
liquid of density 0-85 gm / c.c be poured in the wider limb until water in the narrow limb rises by 15 
cm ? [ W. B. H. S. 2001] 

Solution : The situation is shown in fig 3.13. The horizontal line 
AB denotes the initial level of water in the tube limbs, when the liquid 
is poured in the wider limb, water rises by 15 cm in the narrow limb. 
So the water in the wider limb will be depress by 1-5 cm. The line 
A,B, denotes the surface of separation of two liquids. Let h an be 
height of liquid column in the wider limb. Also height of water column 
in the narrow tube from the line A,B, is 15 + 15 = 16:5. cmq P le eae pete -- 


Since pressures of the liquids in the limbs at the horizontal line Water 
A,B, are equal, we write 


0:1cm? 


16.5 
hx085xg-l65xixg “` pigs cm Fig, 3-13 


*. volume of liquid in the wider limb = ipa ead 19:4 c.c 


Example 3.10 : Some mercury is poured in a U- tube of uniform cross section. In one arm 
glycerine having density 1:3 g / cc is poured to a height 10 cm. In the other arm an oil of density 0:8 
gm / c.c. is poured until the upper surfaces of the liquids in the two arms are in the same horizontal 
level [ Fig 3.14] Calculate the length of the oil column in the other limb. II ET] 
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Solution : The situation is shown in fig 3.14. We consider the uniform U-tube AB. Height of the 
glycerine column = 10 cm. So the height of oil column and mercury 
column is also 10 cm. Let the height of the oil column be x be. Then 
the length of mercury column is ( 10 — x ) cm. Now, on the line AB, 
Ioem liquids in the two arms exert same pressure. Hence 
xX0-8-(10-x)x13-6210X1.3 or, 12-8 x =123 


x-9.61cm. 


Glycerine 


Oi 


So, the length of the oil column = 9-61 cm 


Fig. 3-14 

3.15. Transmission of pressure through a fluid : Pascal’s law : 

When a pressure is applied at any point of a solid, the pressure does not transmit to other part of the 
solid. The applied pressure may produce local strain only. But as the fluid ( liquid or gas ) has no rigidity, 
if a pressure is applied at any point of a confined fluid, the pressure is transmitted to other parts of the 
fluid. The law governing the transmission of fluid pressure through a fluid is given by French Scientist 


Pascal. This law is known as Pascal's law. 

Statement : Pressure applied at any point of a confined fluid is transmitted 
undimished throughout the fluid and acts normally on the surface in contact 
with the fluid. 

Explanation : (i) A rubber ball with a number of perforations on its surface at 
different places is taken and is filled completely with water. When tne ball is pressed 
the water came out normally and equally from all the perforations. [ Fig 3.15] 

(ii) A vessel with three opening A, B and C is taken and they were provided 
with frictionless water tight pistons. The cross sectional areas are a, 2a and a/2 
respectively [ Fig 3.16 ] 


Fig. 3-15 


Now, a force F is applied on the piston on opening A. Then to 
keep the pistons fitted on the openings B and C, unmoved, thrust 
equal to 2 F and F/2 respectively will have to the applied on them. 


2E F/2 


Now pressure on the piston fitted with A is B =f. Pressure 
F 


with piston at B, P, -5 zv 


and pressure on the piston at C, P, sid F/a 


Fig. 3:16 = = 
ig. sOBQ2P,-B, 
In shows that pressure is transmitted equally in all directions through the confined liquid. 


3.16. Multiplication of Thrust : 

From Pascal's law it follows that by applying a small force at any part of a confined liquid, a large 
force can be created at other part of the liquid. This phenomenon of amplifying the applied force is know 
as the principle of multiplication of thrust. 

In the fig 3.17, two hollow cylinders of different cross sectional areas a and b ( a « b ) are connected 
at the base by a narrow tube, They are filled with a liquid and both the cylinders are fitted with water- 
tight frictionless pistons P and Q of negligible masses. 

Now, a small force F, is applied on the narrow piston Q 
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+. Pressure applied on Q is P, = F,/a 
According to Pascal's law, the same pressure is transmitted to the larger piston P. So the thrust produced 


F b 
on the larger piston is. F2 = Pib = Fi * (=| F; =nF, 


b 
Since qe 1, F, >F}. Hence the force is multiplied n times. 
This is known as principle of multiplication of thrust. 


Energy Conservation during multiplication of thrust. 

Although the force is multiplied several times by applying 
Pascal's law, but energy is not multiplied. Principle of 
Conservation of energy is not violated here. It can be proved in 
the following way : 


Let the piston Q at the narrow cylinder is depressed by x and the piston P at the wider cylinder rises 
by y. Since the liquid is incompressible, we write. 
Decrease in volume of water in the narrow cylinder — increase in volume of water at wider cylinder 
ED 
axes Dy eee 
y a 
Now work done on the smaller piston Q, W, = Fyx and work done on the wider piston P, W, = F, y 
b 
a 
So energy spent at the narrow piston is recovered at the wider piston. 
& N.B. In the above discussion we have neglected the effect of friction and other dissipative forces 
due to which some energy is lost. So, the amount of work actually obtained at the wider piston is less than 
the work done in narrow piston. 


x 
W2=—Fy pia =Fix= 4 


3.17. Hydraulic press : 

The practical application of the principle of multiplication of thrust is hydraulic press. It can produce 
large thrust from a small force. It was devised by Engineer named Bramah. So it is called Bramah’s press. 

Description : A schematic diagram of hydraulic press is shown in fig 3. 18. The two cylinders P and Q 
are connected by a narrow tube T at their bottoms and both 
are provided with water tight light pistons P, and P, A valve 
V is placed at the tube T which operates in one directions 
only. Force is applied at the piston P, by a second class 
lever. The piston P, carries a platform D on which object to 
be pressed is placed. 

Action : A downward force F, is applied at the narrow 
piston by the lever. Immediately the valve V opens and extra 
water enters into the wider piston. Pressure applied on narrow 
piston is transmitted undiminished through the liquid to the 

Fig. 3-18 wider piston. Large upward thrust is generated on P, and 
the object placed on the platform D is highly compressed. 


Thrust developed : Here thrust increases in two steps. First due to the lever provided with the narrow 
piston P, and then by Pascal's law at the wider piston P5. 


A force F is applied on the lever at a distance y from the fulerum 
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Force applied at piston P, is F, = ps 
“. Pressure applied on Pj = [ a = area of cross section of P, ] 
a 


. Thrust developed on P,, F,= <b [ b = area of cross section of P 


y b -(2 2) i 
En MEE JE Lo cR UN : 
2 E 2 (3.9) 


Mechanical advantage : We are applying a force F at the lever arm and a largely magnified force F, 
is produced on the wider piston P; 


j AS Thrust developed Ej y b 
- Mechanical advantage = applied effort E TARN 


Uses : Hydraulic press is utilised to generate large force. It is used for various purposes. It is extensively 
used to compress bales of paper, cotton, jute etc. To extract oil from seeds and for raising heavy loads or 
automobiles hydraulic press is used. 

Here also thrust is multiplied, not the energy. Principle of conservation of energy is not violated. 


Example 3.11 : In a hydraulic press, the diameters of the larger and smaller piston are 45 cm 
and 5 cm respectively. What force be applied at the smaller piston to obtain a thrust of 4050 kg at 


the larger piston ? [ W. B. H. S. 1992] 
ay 
Solution : By the principle of multiplication of thrust, oS 
| a 
b D,“ 
P=- =} 
a D D5 =45cem, Dy 25cm 
2 2 F, = 4050 kg-wi 
D g-wt 
"H= L- Ej =- «4050 4 
D5 (45) 
= 50 kg-wt 


Ex.3.12: The diameter of the two pistons of a hydraulic press are 60 cm and 6 cm. The lengths 
of the arms of the lever used with the smaller piston are 20 cm and 100 cm. A force of 20 kg- wt is 
applied at the lever arm. Calculate the thrust developed on the larger piston. 


2 jt m yb 
Solution : The required relation is, F = F} p 
Hence F, = 20 kg-wt, y= 100 cm, x220cm, b-nx(30?cm?, a-m (5? cm? 
2 
n (30 
Fy =20 19,70 104 kg-wt 
n (3) 


| @ SHORT ANSWER TYPE QUESTIONS (With Answers) e 


Q. I. A vessel containing water is falling with an acceleration a (a « € ). How does the presence 
of water change with depth ? 


Ans : We consider a column of liquid of height / and area of cross section A. 
motion of the water column is ma = mg — PA 
Here m = mass of water column, P = pressure at a depth h 


P= (g-a)- 2 (ga) - hp (g-a) 


Then the equation of 
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Q.2. A vessel containing water is kept in a satellite which is moving in a stable orbit. What is 
the pressure at any point inside water ? 


Ans ; In this case pressure at any point inside the liquid is zero. 


Explanation : When the satellite revolves the planet in a fixed orbit, everything in the satellite is 
weightless. So, no force due to earth's attraction acts on the liquid in the vessel. 


Q.3. To what height a cylindrical vessel of radius r be filled with a liquid so that the thrust at 
the bottom is equal to the thrust on the curved surface of the vessel ? 


Ans : Let the radius of the vessel be r and it is filled up with a liquid up to a height h. 
The thrust at the bottom = A p g T r? [ p = density of liquid ] 

2nrhpg..e4 G) 
Thrust on the wall in contact with the liquid — Average pressure x curved surface area 


- ; hpg x (2nrh) = trh”pg 


*, By question, x r^ hpg EX rh?pg Mu reh 

<. height of the liquid = radius of the vessel. 

Q. 4. By the sharp edge of knife we can easily cut a body, but not with blunt edge. 

Ans. To cut a body by a knife, the sharp edge of the knife is placed in contact with the body where 
force is applied, force per unit area or pressure is very high. So, it easily cut the body. 

On the other hand, when the force is applied with the blunt edge is contact with the body, pressure is 
smaller, So it cannot cut the body. 

Q. 5. The breadth of a lock gate on a river is 5 m. The height of water on one side is 20 m and 
on the other side 12 m. Calculate total thrust on the gate. 


1 1 1 
Ans. Total thrust => pghi^1- 7 pgh,A5 => PE (Ay -mAd) 
= ix 1000 x 10 [20 x 100 — 12 x60] = 64 x 105 N 
Q. 6. Show that the pressure exerted by fluid in static equilibrium decrease with increase of 
elevation. Further show that the pressure decreases exponentially with elevation. [ J. E. E. 1992] 
Ans. We consider two layers of fluid having unit area between the heights 4 and h + dh from the 
ground. So thickness of the fluid layer is dh [ Fig 3.19]. The mass of this portion of air, m = pdh where 
p = density of fluid. Upward pressure on the air = P and downward pressure P + dp. 
At equilibrium, P + dp — P+dh.pg=0 


a à P dp 
x pg. C (i) 
The minus sign indicates that pressure decreases with increase of a height. a = 7 XT dh 
Ps B. PM T P 
2nd Part : We know, pT’ M Dn RT FEET (ii) | 
from th i i ii # = ^ g ' 
m the equations (i) and (ii), dhe RE | 
p h 
dP M 
a _gM y, = (2=-8 [an 22 
P RT Pea: 
Po ho 
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5. Tet, greci (o). s tne Uo) 


So, the pressure decreases exponentially with elevation, 

Q.7. A cylindrical vessel is full of water. A small hole is made on the wall at a depth / below the 
surface of water. Calculate the velocity of the liquid flow. i À 

Ans : A small hole of area A is made on the wall of the vessel at D at a depth A below the liquid 
surface [ Fig 3.20]. Let the liquid is flowing out with a horizontal velocity v. 

Work done by the gushing water through the hole = Change of kinetic energy 
of the liquid. 

Pressure at the point D x volume of liquid flowing out per sec = work done by 
liquid flowing out per sec. 

"n pg xAv= 2 my? = i Apv.v? 


Fig. 320 


ve 2gh ^ v=y2gh 
Q. 8. A cylindrical vessel contains a liquid upto a height H. A hole is made on the wall of the 


vessel so that the liquid falls at a distance x from the base of the 
vessel. At what depth the hole be created so that x ís maximum? 


Ans: Consider the fig 3.21. Let the hole be made at a depth y. 
Then the horizontal velocity of water coming out of the hole is 


ve42gy. If the water takes ¢ sec to fall on the ground then, 


CMM CER) 
g 


^ xen fig) POD = Jii) “= 4y(H-y) 


dx 
For maximum value of x, 20 


1 
H-y=—gt 
y=58 


dx H 
Now 2x. *4[(H -5)-»] &CH-2y-0 A YET 


H 
Hence for maximum value of x, hole should be created at a depth F 


* MISCELLANEOUS EXAMPLES @ 


Example 3.13 : At what depth below the surface of water pressure will be twice of the atmospheric 
pressure? Atmospheric pressure = 76 cm of Hg and density of mercury = 136 g / c.c. 


Solution : Let the required depth is h and atmospheric pressure is P. 
Then by the question, 2 P2 P«hpg = P=hpg 
ja P. 26X13:6x980.. 1933.6em 
Ixg 
*. Required depth of water = 1033-6 cm 


Ex. 314 : A cylindrical 
. mercury and is kept on the floor 


the bottom. 


Solution : Thrust at the 
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bottom ED pga 


vessel of length 15 cm and diameter 4 cm is completely filled with 
with the curved surface touching the floor. Calculate the thrust at 


Here D 24 cm, p= 1 gm /ce, g = 980 cm/s? and A = x (2) s4ncm? 
F2 x1x5001 00 0M 28H 


Ex. 3.15: A hydraulic lift is used to lift a car of weight 3000 kg. The piston on which the ear is 
placed is of area 425 cm’, If the larger piston is 3m above the smaller piston then what pressure has 
to be applied on the smaller piston. Density of oil used in the hydraulic press is 800 kg im’ 


Solution : The arrangement in shown in fig 322. A, and A, are 
respectively the area of cross section of the smaller and bigger piston A> 


Pressure to be applied at the smaller piston is 


P, = Pressure at the bigger piston + hydrostatice pressure of liquid of 


height 3m 
3000 x 9:8 
= ——-+3x 
425x104 


800x9:8 = 7:16x10° Nm? 


Ex. 3.16: A body of weight 500 kg is to be lifted 


lift. The ratio of diameters of the two 
arm is 4 : 1. How much force has to 


Solution : Here F, = 500 kg-wt; 


x 


500 =Fx25x4 ~ Fz5kgwt 
. Force to be applied on the lever is 5 kg-wt. 
cross section of a uniform U tube is 1 cm?, The length of each arm is 33 


Ex. 3.17: The area of 


cm. Mercury is poured into the tube upto a heigh 


TE 
^ ED Lx 2T^ 


6.8cm 


&oxxIxgs2(x-262) x 
+ maximum volume of water that can be poured 


[ J. E. E. 1994] 


by a hydraulic NOME 


pistons is 1 : 5 and the ratio of lengths of effort arm and load 
be applied on the lever ? 


2225, 5-4, F=? Now hart 
a ax 


t of 6.8 cm. Calculate the maximum volume of 


water that can be poured in the tube. Density of mercury = 136 g / ec 


Solution : The arrangem 


ent is shown in fig 3.23. Initially the height of 


mercury is 6.8 cm ( shown by line AB,). Let water of maximum height x em 
can be poured in the left arm . 
The mercury in the left arm is depressed by y cm and so it rise by y cm 


on the right arm. So 
y = (x — 262) cm 


Now, on the horizontal line B,B,, pressure of liquids on both the limb 


will be equal. 


136 = x=2720m 
isV2272x | = 272 cc. 


Ex. 3.18 : A right circular cone of height hand semivertical angle © is filed up with a Banti 2 
Itl the base on the table. If the weight of the empty cone be equal to the 
weight of liquid it contains, calculate (i) thrust at the base of the cone (ii) effective pressure on the 
table. 


density p. It is then placed 


. Mass of liquid in the cone, m = volume x density 


Solution : (i) Consider the fig 3.24. Radius of the base is r = h tan 6 
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m= nr hp s xp tan” 0 
aD dug 
*. Mass of empty cone, M= a nph tan 
+. Thrust of liquid at the bottom is F = Pressure of liquid x area of base 


Cie. ees “. F=hpg mr? = npgh?tan20 
P Gi) Total force on the table F, = Mg + F 
Fig. 324 1 5 E 5 4 3 5 
R -3npgin tan? 0+ npglr tan”  — — npg/r tan” 0 


F 
Effective pressure on the table, P = L ` 
Tre 


4 mph? tan?O 4 
P=~———__ = 5 pg 
3 mh? tan29 3 

Ex. 3.19 : A cubical tank is completely filled with water and upper lid is tightly closed. It is 
placed on a car which is moving with a constant acceleration 20 cm / s?. Calculate the pressure at a 
point which is situated at a distance of 10 cm from the front face and at a depth of 10 cm from the 
front wall of the tank. 

Solution : We consider small disc of unit area and of thickness dx 
at a depth / and at a distance of x from the front wall of the tank [Fig 
3.25]. Let P be the pressure at a distance x and pressure is P + dP at a 
distance x + dx from the front wall. 

^, Pe dP-P- p dx. a [ p = density of the liquid and a acceleration 
of the car ] 

dP =a pdx. On integration, P = a p x + c [ c = constant of integration ] 


Atx=0,P=hpg .. c=hpg 
. P= apx+ppg=p(arthg) 

Herex=10cmandh=10cm. ~. P=1 x (20 x 10 + 10 x 980 ) = 10, 000 dyne / cm?. 

Ex. 3.20 : A U-tube whose arms are of different cross section contains some mercury. The areas 
of cross section of the two arms are A, and A, ( A, > A, ). A solid of volume V is dropped into the 
tube. As a result the levels of mercury rises in both the arms. Water upto a height of k in poured 

d, (d, EE dy) y 
into the wider arm until the mercury level returns to its initial level. Show that BTE ANA 
c d, (d,, -d,,) Ay 


Here d d, and d, are the densities of mercury, solid and 
water respectively [ J. E. E. 1993] 

Solution : [ We assume that the solid is floating in mercury ] 

Let v, be the volume of solid in water and v, is the volume of 
the solid in mercury. 


i *. Volume of the solid, V = v; + v5... ... (i) 
nour Now according to condition of floatation Vd, = v,d,, + v, d, - 
DI OB Ne or aah NL SM : (ii) : D 
(dm -4,) V E. V (d; -d,,) 


A : EHE 
From the equations (i) and (ii) VI ITE MADE ie 5 
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When water is poured into the wider limb, the level of mercury returns to its original level. So, volume 
of mercury v, goes to the narrow limb. So, the increase in height of the narrow limb is 
ix. (d; -d,,) ' 3 
= (a PERS RAS d,)A Now , from the equality of pressure on the same horizontal level, 

m Sw) 1 A 


D 


hd nd _ V(ds = dw) dm do E V (ds - dy) dm 
n Dod (dp ady NA dy(dm - dy) ^1 


Ex. 321: At the vertical wall of a barrage, a hole of area 100 cm? is found 2:5 m below the 
water surface. What force is necessary to hold in position a light board used as a stop ? 

Solution : Pressure at the hole, P = h p g = 25 x 1000 x g 

. Necessary force, F = PA = 2:5 x 1000 g x 100 x 10 CN = 25 kg-wt 

Ex. 3.22: The U-tube of fig 3.27 contains two liquids. On the same horizontal plane the pressure 
at two points will the same if the two points are connected by the same liquid. If the points are not 
connected by the same liquids, the pressures at these two points will be different. Calculate the 
difference of pressure of the two liquids. 

Solution : In the given fig 3.27. Part AP of the tube contains liquid of 
density p, and the part AQE contains a liquid of density p, . At Q, there is 
small plug. As the liquid is stationary and the plug is in equilibrium, we can 
assume that pressure at A, is equal to pressure at B, e PAY =PAy 

Now, A and B are two points on the same horizontal level. 

«s. PA, =P, — (AA) p 8 P, = pressure at A] 

Pp, = P, — (BBj) p; 8 [ P; = pressure at B] 

Since PA; = PA; and AA, = BB,, we get P, = P, 


So, pressure at two points on the same horizontal plane will be same if 
they are connected by the same liquid. : 
2nd part : Now we consider two points on the same horizontal level CD. 
Now, pressure at A, P, — pressure at B, P; 
"^ Pot (CA) p,8 = Pp + ( DB) pg 
j Po = Pp + (DB ) pag - (AC) P18 
Let DB = CA = h then, Po = Pp +h (5 9128 
So, pressures at C and D lying on the same horizontal plane CD ( but not connected by the same 


liquid) are not equal. Evidently these two pressures will be equal if p, = p; 


Ex. 3.23 : A U-tube of uniform cross section contains some mercury. In one arm glycerine ( 
Sp.gr = 1.3 ) of length 10 cm is poured. On the other arm an oil of sp. gr. 0:8 is poured so that the 
upper surface of glycerine and oil lie on the same horizontal level. Calculate the height of oil column. 
( Density of mercury = 13.6 g/ cc) 

Solution : In fig 3.28 AB is the initial mercury level. On the left 
arm glycerine is poured whose length is 10 cm and in the right arm 
oil of height / cm is poured when their upper surface will be on the 

_ same horizontal level. 

As a result the liquid on the left arm depresses by AC = x and it 
rises by BE = x on the right arm. 

Now, C and D are on the same horizontal level and connected 

ercury by the same liquid. So, pressure at C = pressure at D. 
Fig. 3:28 10 x 1:3 = 2x x 13:3 + h x 08. 
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10-h 


13=2x13-6x +0-8h=136-13-6h+0-8h 


128h2123 ~. hz9:61cm 
*. height of the oil column = 9-61 cm 


A. Short answer type questions : 


1. Define specific gravity. Why is specific gravity called relative density ? [ W. B. H. S 2003 ] 
2. What do you mean by the pressure and total thrust on a surface immersed in a liquid. [ W. B. H. S 2002] 
3. What is the difference between specific gravity and density ? 3 [ W. B. H. S.2001] 
4. State Pascal’s law regarding the transmission of liquid pressure. [ W. B. H. S 1999, 2001 ] 


5. What is density of a substance ? Give its C. G. S and S. I units. 

6. Specific gravity of iron is 7.8. What is its density in different system of units ? 

7. Define thrust and pressure of a liquid. Mention their SI units. 

8. What is the measurement of pressure at a point inside a liquid ? 

9. What is hydrostatic paradox ? 

10. A conical vessel of circular base is placed on a table with the base on the table. It is filled up with a liquid of 
density p. If area of base be A, height of the cone be h, what is the thrust on the table. [ Ans. A2pg] 

11. What is meant by ‘liquid always finds its own level’? Mention one of its applications. 

12. Why the temperature of water is kept at 4°C, which determining the specific gravity of a solid ? 

13. How can you increase pressure for the same force ? 

14. It is easier to sharpen a pencil by the sharp edge of a knife than with the blunt edge. Explain. 

15. Bottom of a bank is made wide that its top end. Why ? 

16. What is the principle of multiplication of thrust ? 

17. What is the principle of hydraulic press ? 

18. Does available energy increase in hydraulic press ? 

19. Explain why the free surface of a liquid is always horizontal. 

20. Is Pascal's law applicable to gases ? 

21. A vessel full of liquid discending with an accelerate f ( f « g). How does the pressure at a point inside to liquid 
change with depth ? [ Ans. P=hp(g-f)] 

22. Multiplication of thrust does not oppose conservation of energy. Explain. [ W. B. H. S. '92, '97, *909 ] 

23. Which physical quantity Torr represent ? Obtain its relation with P,. 

24. Show the variation of atmosphere pressure with height. 


B. Essay type questions : 
1. (a) Define density of a substance ,? Give its units at different systems. 
(b) What is specific gravity of a substance. Obtain the relation between specific gravity and density. 
(c) Why we apply temperature corrective for determining specific gravity ? ^ 
2. (a) What we mean by thrust and pressure of a liquid ? 
(b) Obtain the expression for the pressure at a point inside a liquid. [ W. B. H. S 1994] 
3. (a) What is meant by thrust and pressure on a surface immersed in a liquid ? 
(b) State Pascal’s law for the transmission of pressure by a fluid. Explain how, thrust in multiplied by the law. 
[ W. B. H. S. 2001 ] 


(c) Show that this multiplication of thrust does not violate conservation of energy. [ W.B. H. S. '99] 
4. What is the total lateral thrust on a surface which is kept immersed vertically in a liquid ? 
5. (a) Describe hydraulic press with diagram. Explain its principle of action. [ W. B. H. S. 1987.] 


(b) Calculate its mechanical advantage. Also mention its uses. 


o 


3 


9, 


10. 


11. 


12. 


13. 


14, 


15. 
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. A cylindrical vessel contains some liquid of height /. When a hole is made on its wall at a depth y, the liquid falls 


to a distance x from the bottom of the vessel. For what value of y, x is maximum. 


. Show that at static equilibrium, pressure exerted by a liquid decreases with height and the variation of pressure 


follows an expotential law. [ J. E. E. 1992 ] 


. State Pascal's law regarding the transmission of liquid pressure. How thrust can be multiplied with the 


help of this law ? [ W. B. H. S. 2001 ] 


Simple numerical problems : - 


. Specific gravity of iron 7.8. What will be its density in (i) C. G. S (ii) F P S and (iii) SI system of units ? 


LG) 7.8 gm/ c.c (ii) 487.5 Ib / ft? (iii) 7800 kg / m] 
A bottle weighs 300 gm when empty, 800 gm when filled with water and 700 gm when filled with kerocene. 
Calculate (i) sp gravity kerosene and (ii) its density in SI system. [ Ans. (i) 0.8 (ii) 800 kg / m] 
The specific gravity of two substances where mixed in equal volume is 8 and specific gravity is 6 when mixed 
in equal masses. Calculate the sp. gravity of the two substances. [ Ans. 12,4] [W.B.H.S. *93, *96 ] 


. The densities of three liquids are in the ratio 1 : 2 : 3. Calculate the densities of the mixture of these liquids 


when they are mixed in (i) equal volume (ii) equal mass. 
[Ans. (i) double the density of the first liquid.. (ii) 18/11 times the density of the first liquid ] 


. A liquid of mass m, and density p, is mixed with another liquid of mass m, and density p». If the volume of the 


mixture does not change then what will be the density of the mixture ? [ W. B. H. S. '89, '97] 


OE XOT (m d a 
mp, + "pi 
The volume and mass of a piece of alloy of iron and aluminium are 100 c.c and 588 gm respectively. The 
specific gravity of iron and aluminium are 8 and 2:7 respectively. Calculate the ratio of volume of iron and 
aluminium in the alloy. [An.3:2] [W. B. H. S 1993 ] 
What is the pressure at a bottom of a lake of depth 10 m ? Given, atmospheric pressure is 76 cm of Hg and 
density of mercury 13:6 g / c.c [ Ans. 2:03 kg / cm? ] [ W. B. H. S 1982 ] 
The diameter of a cylinder is 14 cm and its height is 40 cm. If it is filled up with mercury what will be the 
thrust at the bottom and on the curved surface ? [ Ans. 821 N; 469145 N ] 
A U-tube contains some mercury. In one arm water is poured and at the other arm kerosene is poured. When the 
heights of these two liquids in the arms are 8 cm and 10 cm respectively the level of mercury at the two arms 
is same, calculate the density of kerosene. [Ans. 08 g/c.c] 
There is some mercury in a U - tube. In the arm kerosene and in the other arm glycerine is poured. When the 
height of kerosene is 10 cm and glycerine 6:34 cm, then the level of mercury is both the arm is same. If the 
density of kerosene be 0'8 g / c.c., calculate the density of glycerine. [ Ans. 1:26 g/c.c ] 
The lengths of the two arms of U- tube of uniform cross-section are equal. Now some mercury is poured in the 
tube such that the level of mercury is 30 cm below the open ends. One arm is filled up with kerosene and the 
other arm by water. Calculate the lengths of water column and kerosene column. Specific gravity of kerosene 
is 0.8 and of mercury is 13:6. ` [ Ans. 30:236 and 29:764 cm ] 
A metal alloy of mass 244 gm and of volume 50 c.c is made of iron and aluminium. Density of iron is 8 gm / 
c.c and that of aluminium 2:7 g / c.c. Calculate the masses of iron and aluminium in the alloy and also their 
volumes. [ Ans. mass of iron = 164:53 g, Vol = 20:566 c.c. mass of aluminium = 79:47 gm; vol = 29:434 c.c ] 
A rectangular vessel whose sides are vertical contains water of height 6 cm and parafin of height 4 cm. Calculate 


the thrust on one side whose length is 20 cm. Specific gravity of parafin is 0:8. [ Ans. 855 x 107 dyne ] 
It in a barometer, instead of mercury water is used what will be its height ? Density of mercury = 13:6 gm / c.c. 
[ Ans. 10:34 m ] 


The pressure of water in a water tap at the bottom of building is 5:9 x 10 5N / m? and at the roof of the house 
is 198 x 105 N / m?. Calculate the height of the house. [Ans. 40 m ] 
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16. The radius of base a hollow cone is 7 cm and its height is 20 cm. It is kept on a table with its base on the table, 
If it is filled up with a liquid of density 1.2 g / c.c. Calcglate (i) mass of liquid taken, (ii) pressure and thrust at 
the bottom of the cone. [ Ans. (i) 1232 gm (ii) 23520 dyne / cm?, 3:62 x 10 © dyne ] 

17. A vessel contains 90 gm of sulphuric acid of specific gravity 1:8. 90 gm of water is mixed with it. If the density, 
of the mixture be 1:5 g / c.c, calculate centraction in volume of the mixture. [ Ans. 20 c.c ] 

18. In a hydraulic press the ratio of the two arms of the lever is 5 : 3 and the ratio of the radii of the two pistons is 

27 : 5. What is the mechanical advantage of the press ? [ Ans. 48:6 ] 

19. Area of the bottom of a bottle filled with water is 20 ọm?. The mouth of the bottle is fitted with a cork of area 
1 cm?, If a force of 0-05 kg-wt is applied on the cork, calculate the thrust on the bottom of the bottle. 

[ Ans. 1 kg-wt ] 

20. A cubical vessel is full of water. Show that the thrust at one vertical side is equal to half the weight of water in 


the vessel. 
21. In a hydraulic press the diameter of the smaller piston is one inch and that of the bigger piston is 6 inch. The 
ratio of the two arms of a lever is 1-4. Calculate the mechanical advantage of the machine. [ Ans. 144 ] 


22. In a hydraulic press the ratio of the diameters of the two pistons is 1 : 6 and the ratio of the lengths of lever 
arms is 1: 8. If a force of 40 kg-wt is applied at the lever arm, how much force will be applied on the body 
placed on the press ? [ Ans. 8640 kg-wt ] 

23. In a hydraulic press, the area of the smaller piston is 100 cm? and force of 107 dyne is applied on it. What 
should be the area of the larger piston so that it will be able to raise a truck of weight 2000 kg ? 

[ Ans. 1:96 x 10* cm? ] 

24. In a hydraulic press the radius of the smaller piston is 8 cm and that of the bigger piston is 96 cm. The ratio of 
the two arms of the lever is 3 : 28. If a force of 27 kg-wt is applied at the lever arm, how much force is 
produced in the bigger piston. [ Ans. 36288 kg-wt] 

25. The density of sea water is 1:025. How much pressure is exerted on a fish at a depth of 1 km [ Ans. 10 7pa] 

26. The area of cross section of a cylindrical vessel is 0-01 m?. It contains water upto a height of 50 cm. The mass 
of the piston fitted with the vessel is negligible. If a body of mass 1 kg is put on the piston, how much pressure 
is generated at the bottom of the vessel ? [ Ans. 5880 Pa | 

27. The measurement of the base of a rectangular water reservoir is 5m x 2m. Its depth of water is 3m. Calculate 
the thrust on the vertical sides of the reservoir. 

[ Ans. 2:25 x 105 N on bigger surface; 99 x 10 ^ N on smaller surface ] 

28. The volume of a bubble becomes double as it rises from the bottom to the surface of lake. If the atmospheric 
pressure be H cm Hg and density of mercury be n times the density of water, calculate the depth of the lake. 

[ Ans. h= nH] 

29. When two liquids are mixed in equal volume, the density of the mixture is 4. But they are mixed in equal mass, 
the density of the mixture is 3. Calculate the specific gravities of the two liquids. [Ans. 6,2] 

30. The radius of an air bubble becomes double when it rises from the bottom to the surface of water in a pond. If 
atmospheric pressure be equal to H cm of water column, Calculate the depth of the pond. [Ans. 7H] 

31. A cylindrical vessel is filled with equal mass of mercury and water. Total height of the two liquids is 29:2 cm. 
What is the total pressure at the bottom of the vessel. Sp. gr of mercury = 13:6 [ Ans. 4 cm of Hg ] 

32. The height of a hollow right circular cone is 10 cm and area. 80 cm?. The cone is placed on a table with the 
base on the table. If is now filled with a liquid of sp.gr 1:06, calculate the thrust at the base. 

[ Ans. 848 gm. wt ] 

D. Harder numerical problems : 


1. A water filled cone of height 50 cm and base area 20 cm? is placed on a table with two base on the table. What 
is the thrust offered by the water on the table ? [ Ans. 10 kg wt ] 
2. A hydraulic automobile lift is used to lift a car of mass 3000 kg. The cross sectional area of the piston on 
which the car is supported is 425 cm?. What pressure would the smaller piston have to bear if the bigger piston 
‘is 3 m above the smaller piston ? Density of oil filling the machine is 800 kg / m. [ Ans. 7152847 N / m? ] 


M. 


12. 


13. 


14. 
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A ship when empty floats in sea water with 10 m length remaining under sea water. Average area of cross 
section of the ship is 2000 m?. What weight be put on the ship so that additional 0.5 m immerses under 
water ? Density of sea water = 1-025 gm / cc [ Ans. 1:025 x 10 Skg] 


. The density of three liquids are in the ratio 3 : 4: 5. These liquids are mixed first in equal volume and then in 


equal mass. What is the ratio of the densities of the mixture in the two cases ? [ Ans. 433:4] 


. Two indentical cylindrical vessels are kept in the same horizontal level and they are partly filled with a liquid of 


density p. The height of liquid in one vessel is h, and in the other A. The area of cross section of both the 
cylinders is A. Now, the vessels are connected by a narrow tube at the bases. How much work is done by the 


$ 2 
gravity to equalise the level of liquid in the two vessels. [Ans doy Apg (^ =h) ] 


A carton of dimension 20 cm x 10 cm x 5 cm filled with fruit juice. There is a small hole at one side of it at a 
point 2 cm below the top. The juice is leaking out through the hole at a constant rate of 20 gm / min. What will 
be the pressure of the liquid at the bottom of the carton ? (i) 5 min and (ii) 10 min after the juice started leaking 
through the hole ? The box is kept vertically on its base. g = 980 cm / sg [ J. E. E. 1991 | 


0.5 1 
[Ans. (i) (s - 3) px 980 dyne/cm 2; p = density of juice. (ii) (s - z) p x 980 dyne / cm? } 


. The diameter of the left arm of a U - tube is. — th of the diameter of the right arm. Some mercury is taken in 


the tube and then a. water column of height 35 cm is poured in the left arm. (i) How much liquid level will rises 
in the right arm ? (ii) How much liquid level will fall in the left arm ? Sp. gravity of mercury = 13:6 
a [Ans. (i) 0.1515.cm (ii) 2.423 cm l 


. The area of cross section of each arm of a U-tube is 1 eq inch and length of each vertical side is 33 inches. 


Mercury is poured in the tube upto a height of 6:8 cm in both the arms. Calculate how much water can be 
poured in any of the two arms. Specific gravity of mercury = 13:6 [ Ans. 27:2 inches ] 
Two cylindrical vessel having area of cross section 15 and 5 cm? are connected at the base. Mercury is poured 
in the vessels. A iron cube of side 2 cm is dropped in thé wider arm. As a result mercury rises. Now water is 
poured in the wider arm so that mercury goes back to the initial level. Calculate the height of the water column. 


( Sp. gr of iron = 7:8) [ Ans. 11:74 cm] [ J. E. E 1987 ] 
A barometer reads 760 mm at the bottom of a house and 750.3 mm at the top of the house. Calculate the height 
of the house. Density of air = 1-24 g / lit and density of merrcury = 13:6 gm / c.c [ Ans. 102 m ] 


A cylindrical vessel contains a liquid of height ‘A’. A hole is made at the wall of the vessel at a depth y so that 
the liquid falls at a distance x from the bottom of the vessel. For what value of y the value of x will be 
maximum. [Ans y 2 A/2] 
A U - tube is partly filled with water. A liquid is poured in one arm until the level of liquid is at a height / from 
the water level in the other arm. The level of water in the second arm is at a height d from the previous level 
in this arm. Calculate density of the liquid. [Ans. 2d / ( 2d +h) ] 
[ Hints : In one arm water rises by height d. So, water level lowers by the same distance ‘d’ in the other arm. 
So, the level of liquid is a height ( 2h + d ) from the water level. Pressure due to liquid column = ( 2h + d ) pg 
and pressure due to water column = 2 dg, So, (2d+h)pg=2 dg] 

The height of a cylindrical tank is 04 m. Its upper face is open and has diameter 0-16 m. It contains water upto 
a height of 0:16 m. Water comes out of a hole of radius 10- m at the bottom. How much time is required for 
the tank to be empty ? [ Ans. 46:26 sec | [ Roorkee 1990 | 


[ Hints : -n R? E =n rash . R = radius of the tank, r = radius of the hole and h = height of liquid at 
any time] : 


A piston is fitted on a cylindrical vessel full of water. A vertical tube is attached to a hole at the middle of the 
piston. The radius of the tube is 5 cm and that of the vessel is 10 cm. Weight of the piston 20 kg. How much 
water will in the tube at. equilibrium. [Ans. 84:88 cm ] 
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15. A beaker containing a liquid of density p moves with an acceleration 
‘a’. What is the pressure due to the liquid at a depth A below the free 
surface of the ? [An Pepíge adh) 
| Hints : an clement of the liquid of height ‘dh’ and area A 
at a depth A. P and P + dP be the líquid pressures at the upper and 
lower surfaces of the clement. - eee ee in ha domm . 

Pig 3:29 dm = A dh. p 
Net aade lon mto linis (P adi) A -h1- 7. dm 
dma A dp-g dm 5 A dp=(g+a)(Adh).p 
NEC LIIUTIPPME Pepi(ges)b) 
16. A sealed tank containing liquid of density p moves with a horizontal acceleration ‘a’. Calculate the difference 


of pressure between two points A and B. [Ans P4, - PA wh pg *lpal 
| Hints : Consider an element of the liquid of width dx and area of cross Nady 
section A at a distance x from the front of the tank. Mass of the element, dx i i 
LITT i i 


Net force to the right of the element = | (P + dp ) A - PA] - Adp 
yu eenaen fon fpad of, Po-Pa "pal 


Alo, Py fe "or^ ee el tnl) pgh 
s Fg Fa thpatpnt EL $7 

` WF. The density of air in atmosphere decreases with height and can be 

expressed by the relation d = do e“, where d; is the density of air at sea 

; level, a is a constant and A is the height. Calculate the atmospheric pressure 

en A wea level. Assume ¢ to be constant. The numerical value of the constants 

ago 98 m/s doe tke, ata «104 wr 

c | Ans. 106 x 10° Nor? ] 

LS Find the absolute and gauge pressure of the gas above the surface of the 

oil in the tank shown in fig. Given density of oll = 800 kg ^", density 

of mercury 13-6 x 107 kg m^ ; atmospheric pressure = 1:0 x 10° Nm ; 

gum? (Ans. 18 10° Now? | 48 108 Nor?) 


ae P" s 
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BUOYANCY 
AND 
ARCHIMEDES' PRINCIPLE 


TOPICS | Buoyancy; Centre of Buoyancy, Reaction of Buoyancy, Archimede s 
Principle. Application of Archimede s Principle, Floatation and immersion of a body. Stability 
of floating body, Pressure difference and Buoyancy of gases, Huoyancy correction for the 
weight taken on common balance, 


4.1. Buoyancy : Y 

It is our common experience that a body immersed in water appears lighter. On drawing a bucket full 
of water from a well it appears light so long as it is inside water. A person taking bath in à pond must have 
observed that as more of his body is submerged in water, his apparent weight decreases. All these occurs 
due to the fact that a liquid ( also a gas ) éxerts an upward thrust or buoyant force on the immersed object 
As upthrust is opposite to the weight of the body, an apparent loss in weight is felt. The upthrust neutralize 
a part of weight of the body. So the loss in weight is not real, 

. Definition : The upthrust which any liquid or gas exerts on a body partly or fully immersed 
in it is called buoyancy of the liquid. 

It is because of buoyancy that people are able to swim, ships are able to float and hydrogen gas filled 
balloons are able to rise through air. : 

© Explanation for buoyancy and its measurement : We can explain 
the loss in weight of a body immersed in a liquid or gas. Let a cube of side ‘7 
is fully immersed in a liquid of density p [ Fig 4.1) Its two surfaces AB and 
CD are horizontal and other four sides are vertical. The liquid exerts thrust 
normally on all the surfaces as shown in fig. On two pairs of opposite vertical 
surfaces, the horizontal thrusts get mutually neutralised, because they are f 
exactly equal in magnitude and opposite in sense. So, total thrust on the four 
vertical surfaces is zero. 

The thrust due to liquid pressure of the top surface AB and bottom surface 
CD act vertically and do not exactly cancel each other, as their depths are 
different. Depth of the surface CD be larger, a net thrust acts in the upward direction 

Now, downward thrust due to liquid on the surface AB is 

P, = pressure at any point x area = A, p gl? 
Similarly, upward thrust due to the liquid on the surface CD is 
P, = pressure at any point on it x area = A; p g 1? 
So the resultant upward thrust on the cube is 
. FeF,-F nh pel? pel mpe t? Oh -h) 

n Papel (oh hn] =V p g ( Here [° = V, the volume of the cube ] a) 

= weight of equal volume of liquid. 

^ Upthrust or buoyancy on the cube = weight of equal volume of liquid displaced by the cube 

Hence the buoyancy acting on a immersed body depends os (i) volume of the body (ii) density of the 
liquid (iii) acceleration due to gravity. 

Tbe above discussion also holds for a body df any shape and size 


Phy (1) —28 
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€ Characteristics of buoyancy : (i) Buoyancy opposes the weight of the body. 

(ii) It depends on the volume of the immersed part of the body. When the body is fully immersed, 
buoyancy does not depend on the depth to’ which the body is immersed. 

(iii) higher the density higher is the magnitude of buoyancy. 2 

(iv) when the body and the liquid are in weightless condition, there will be no buoyancy. This happens . 
(a) in the case of free fall and (b) inside a satellite revolving in a stable orbit. 


4.2. Centre of Buoyancy : 
It is the point at which the buoyancy of a liquid acts on a body. 

Centre of buoyancy is situated at the centre of gravity of the displaced 
liquid. It is also known as centre of floatation. Actually, when a body immersed, 
some liquid is displaced. The position of the centre of gravity of that liquid is 
the centre of buoyancy. 

Apparent weight of a body : In fig 4.2, B is the rigid body immersed in 
a liquid. Its actual weight is W. It acts vertically downward through the centre 
of gravity (G) of the body. Buoyancy (F,) acts acts through the centre of 
buoyancy (which coincides with G ) in the upward direction. 

. Apparent weight of the immersed body. 
W'- actual weight of the body — buoyancy, ~. W = W — By ( 4.2) 


4.3. Reaction of Buoyancy : 

Liquid exerts an upthrust or buoyancy on the immersed body. According to-Newton's third law of 
motion, the immersed body will exert equal and opposite reaction ( in this case in the downward direction) 
on the liquid. Existence of reaction can be demonstrated by the following experiment. 

Experiment : A beaker containing some water is placed on one pan of a common balance. It is 
accurately balanced by placing weights on the other pan of the balance. Now a stone tied by a thread is 
immersed in water by holding the free end of the thread so that the stone does not touch the wall of the 
beaker. Immediately the pan with the beaker is depressed. : 

Reason : As the liquid exerts an upthrust on the stone, the stone at the same time applies downward : 
reaction of same amount as the upthrust on the liquid. This reaction ultimately acts on the pan. So it goes 
down. 


4.4. Archimedes’ principle : 

Experimental study of the buoyant force was first studied by Greek scientist des. After a 
careful study, he arrived at a principle known as Archimedes’ principle. It states when a body is fully or 
partly immersed in a fluid at rest, it appears to lose a part of its weight. This apparent loss in weight 
is equal to the weight of the fluid displaced by the body. 

‘So, apparent loss in weight, F, = V p g [ Vide equation 4.1 ] 

^. Apparent weight, W* =W — F, [ Vide equation 4.2 ] 

To remember : Archimedes' principle is related to weight of a body. So, the principle is not applicable 
under weightless condition. For this reason, in an artificial satellite revolving in an stable orbit or in the 
case of free fall, Archimedes’ principle can not be applied. Archimedes’ principle can also be verified 
experimentally. 


4.5. Application of Archimedes’ principle. 


4.5.1. Determination of volume of a body : By applying Archimedes’ principle we can calculate 
volume of a solid body of any shape. Here we assume that the solid is heavier than the liquid and is 
insoluble in it. 
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Let w, = weight of the solid in air. 
and w, = weight of the solid in the liquid fully immersed. 
Then by Archimedes’ principle : w; - w, = loss in weight of the body 
= weight of equal volume of liquid 


^ Volume of liquid displaced by the body = —1—"2. {p= density of the liquid ] 


Ps 
Since the volume of the displaced liquid in equal to the volume of the solid, the volume of the solid is 
HE2 
eid A OTRA E RONEN E odo ae a sad (4.3) 
PE ^ PER 
Tf the liquid be water, then p = 1 gm/cc, then V= i2 
If the weights are taken in gravitational unit V = Nico f$ 1:44) 


4.5.2. Determination of density and specific gravity of a substance. 
(1) When the body is heavier than equal volume of water : 
In this case the body will be completely immersed in water let w, = weight of the solid in air, w, = 
weight of the solid fully immersed in water. 
*. by Archimedes’ principle, w,—- W = loss in weight of the body = wt. of equal volume of water. 


wiwa 
Pw 


. Volume of the body, V= [ p,, = density of water ] 


w- 
+, density of the material of the solid , ERG 


w g w wi 
po Lx PE. 7L xp, ROUES D tese Fenn (4.4) 
$., mow Wan Wi- w2 
à : : wi 
*. Specific gravity of the solid, 87— eee ee (4.5) 
A guo) 


(2) When the body is lighter than equal volume of water : 

To determine the specific gravity of the substance lighter than water (e.g. cork, wood, wax etc. ) we 
have to take a sinker which is heavier than water. Usually a piece of iron or brass is taken as a sinker. The 
éxperimental body and the sinker together will sink in water. E 

Let w = weight of the body in air, w, = weight when the body in air and sinker in water 

and w, = weight when the body and the sinker both in water. 

SÉ-Ww- Weight of equal volume of water. 

w 


~. Specific gravity of the substance, s= 


Wi ua XPw [p,,- density of water ] 
(3) Determination of specific gravity of a liquid : 
Here we have to take a body which is heavier than both the liquid and water. We call it sinker. 
', Let w, = weight of the sinker in air, 
w, = weight of the sinker in the liquid under test. 
Ww; = weight of the sinker in water. 
w -W= weight of equal volume of liquid, w, - w4 = weight of equal volume of water. 


*. Density of the substance, p = spy = 
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wi -w5 
Wi —W3 
(4) Determination amount of two metals in an alloy : 
Let the alloy is made of two metals A and B. 
w, = weight of the piece of alloy in air in gm 
w, = weight of the alloy immersed in water in gm 
-. Volume of the alloy , V = ( w} - w, ) cc. 
Let m gm be the mass of metal A in the alloy, then mass of the metal B in the alloy = (w, — m) gm 
If density of A be p, g / c.c and that of B be p; g / c.c. then 


Specific gravity of the liquid, S= 


mpm Ww WwW m 1 l =W Ww "m 
ae Wi =W2) op Ti es BO Sae 
PLP 0 APp P2 P2 
-J P102 
TN STM a errare een ves Meca MERE AREA 4.8) 
dicito 92) P3-P: ( 


We can calculate mass A by this equation. The mass of B is-calculated from ( w, =m ) 

Example 4.1: The weight of body in air 0:4 gm. The body and a sinker tied together weighs 3:37 
gm in water. If the weight of the sinker in air be 4 gm, calculate the specific gravity of the solid. 

[ sp gr of the sinker = 8 ] [ W. B. H. S. 1988] 

Solution : Let the sp. gr. of the body = s 


Volume of the body = UP and volume of the sinker = ee 0-:5c.c 


s 
Combined weight of the body and sinker in air = 0:4 + 4 = 4:4 gm 
Combined weight of the body and sinker in water = 3:37 gm 


Loss in weight = 4-4 — 3:37 = 1:03 gm " 
Weight of water displaced.— 1:03 gm and its volume = 1:03 c.c 
0:4 


gendi 03 520.75 
Specific gravity of the substance = 0-75. 


4.6. Floatation and immersion of a body : 

If a body is partly or fully immersed in liquid two forces acts on it simultaneously, They are 

(i) Weight of the body W acts vertically downward through the centre of gravity of the body. 

(ii) buoyancy of the liquid W^ ( which is equal to weight of the liquid displaced ) acts vertically 
upward through the centre of buoyancy. 

With the body fully immersed, depending on the relative magnitudes of W 
and W’ three cases may arise. 

(a) If W > W” i.e when the weight of the body is greater than the weight of 
the liquid displaced, the body sinks. In this case net downwards force. 
F = W - W acts on the body. 

If V be the volume and p be the density of the body, W = V p g. 

If p* be the density of the liquid then, W^ = V p’ g 

n If W>W’ then p> p^. " 

So, if the density of the body is greater than the density of the liquid, the body sinks. 

(b) If W = W’ i.e. when the weight of the body is equal to the weight of liquid displaced by it, the 
body floats fully immersed any where inside the liquid. As the weight of the body is balanced by buoyancy, 
the net force acting on the body is zero: The apparent weight of the body is zero, 
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~ Vpg-Vp'g ~. p=p ‘ic., if the density of the body is equal the density of the liquid, the 
body floats fully immersed anywhere in the liquid. 

(c) IfW < W', ie. when the weight of the body is less than weight of the liquid displaced by it, the 
body floats partly immersed on the surface of the liquid. If it is fully immersed, then net upward force is 
SW? EW Vip gi pig mp «ps 

; So, if the density of the body is less than the density of the liquid then the body float partly 
immersed. For this reason ice floats in water or a piece of iron floats in mercury. 


4.7. Condition of equilibrium of a floating body : 

When a body floats in a liquid two equal and opposite forces act on it. They are 

(i) downward force due to the weight (W) of the body and (ii) upward buoyancy (F,) due to the 
weight of the liquid displaced by the immersed part of the body. The body will float in equilibrium if the 
two forces acts along the same vertical line. Otherwise, they will form a couple resulting a rotationa 
motion of the body. : 

` Hence for the equilibrium floatation of the body the following two conditions 

are to be satisfied : ‘ 

(a) Condition of floatation : The body must displace liquid equal to its own 
weight. ` 

(b) Condition of equilibrium : The centre of gravity and centre of buoyancy 
(i.e. the centre of gravity of the displaced liquid ) must lie on the same vertical line. 

In the fig 4.4 a body floating in equilibrium is shown. The points CG and CB are 
respectively centre of gravity and centre of buoyancy. 

As the body floats, wt of the body, W = buoyancy, Fb. 

At equilibrium, the vertical line AB passing through centre of gravity also passes 
through the centre of buoyancy. The line AB is called central line. This line is fixed for a particular body. 


4.8. Two important relations in connection with a floating body : 

Vv (i) Let a block of volume V and density D is floating partly immersed on 
the surface of a liquid of density d. The volume of the immersed part of the 
block is v. Now, from the condition of floatation — 

zi) wt of the block = wt of the liquid displaced by it 


volume of the immersed part of the body _ density of the body 
volume of the body density of the liquid 


mu Y 
(ii) Now, assume a fraction ‘n’ of the floating body be under the liquid. Then mm n 


D 
from equation ( 4.9 ), EA in Ds mdeutaws «s ( 4. 10) 
So, the density of the body is n times the density of the liquid. If the liquid be water, then d = 1 g / c.c, 
So, D =n. The density of the body is equal the fraction of volume remaining under water. 


4.9. Stability of floating body : : 
Equilibrium of a floating body may be of three types : (i) stabe (ii) unstable and (iii) neutral. 
To study the state of equilibrium of a floating body, it is slightly tilted from its equilibrium. 


438 A TEXT BOOK OF PHYSICS 


In general, when a body is tilted, the centre of buoyancy shifts towards the leaning side, as more liquid 
is now displaced on that side of the body. In. fig 4.6, the floating body is slightly tilted on the right and 
the centre of buoyancy is shifted to B}. 

Now the weight of the body W and buoyancy Fb do not act 
along the same vertical line, These two equal and unlike parallel 
forces form a couple. (i) If this couple tends to restore the body 
back to its original position, the equilibrium is said to be stable. 
[ Fig 4.6 (i) ] : 

(ii) If, on the other hand, the resultant couple tends to produce 
more tilt of the body, then the equilibrium is said to be unstable. 
[ Fig 4.6 (ii) ] 

(iii) Neutral equilibrium : If a tilt of the floating body from 
the equilibrium position does not produce any shift of the centre 

Fg. 44 of buoyancy then, the body is said to be floating in neutral 
equilibrium. In this case centre of gravity of the body and then centre of buoyancy always lie in the same 
vertical line. Example: A sphere floating in a liquid is in neutral equilibrium. * 

Meta Centre : In the tilted position of the floating body the vertical line through the centre of buoyancy 
( B,) cuts the central line AB at a point. That point is called meta centre. In the fig 4.6, M is the meta 
centre, Evidently if the point M is situated above the G ( centre of gravity ) then the equilibrium is stable 
and when M is below G, the equilibrium is unstable. 


4.10. Illustrations of the principle of floatation : 
(i) Ice floats on water surface : Density of ice is less than that of water. Density of water p, = | g 
/ c.c and that of ice is p, = 0917 g/cc. As f, < p, ice floats on water being partly immersed. Fraction 


of the volume of ice that remain under water is na ohn 9I ei and the fractipn 5 of ils volume 
will remain above water. : $ 


(ii) A balloon filled with hydrogen or helium gas rises up in air just like a cork rises through water. In 
this case total weight of the balloon with the gas (w) is less that buoyancy ( F,) due to air. So, the net 
upward force on the balloon, F = F, ~ W. Due this upward force a balloon filled with a light gas ( like 
hydrogen or helium) goes up the air 

4.11. Pressure difference and Buoyancy in uniformly accelerating liquid : 

We know that pressure at a depth A of a liquid, P = h p g [ Art 3.7 ] and buoyancy of liquid on the 
immersed body F, = v p g [ Art. 4.1]. In these cases, it is assumed that liquid is at rest. There relations 
will also be truc if the liquid moves with uniform velocity. But if the liquid moves with an acceleration, 
there relations will be modified. 

(A) Liquid in a moving lift. 

(a) When the lift is moving upward with an acceleration ‘a’. 

(i) . Pressure difference : In fig 4.7 a beaker containing liquid is kept in 
a lift which is moving upwards with an acceleration ‘a’. Consider a liquid 
column of height h and cross section As. If p be the density of the liquid, mass 
of the liquid column m = ^ p As. 

Now, the different forces on the liquid column are 

[0] Thrust on the upper surface, F, = P, A s ( downward) where P, = 
pressure on the upper face. rae Fig. 4-7 

(ii) Thrust on the lower force, F, = P, A s ( upward) where P, = pressure on the lower face. 
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(iii) wt of the liquid column = mg = A p g. à s ( downward) 
^ ‘The equation of motion of the liquid column is ma » F, ~ Fy - mg = P, As = Py As = mg 
AM(P-P)sm(gs«a)mhp.As(goa) ^ Pj-Pohp(gea) ood ( 4.10) 
Evidently, pressure difference increases by h p a 
Q) Buoyancy : Assume that à cylindrical block is immersed in the liquid, Buoyancy on'the block is 
F =(P,-P,) dre m(g+a) Stor ior (4n) 
When m = mass of equal volume of water. Evidently buoyancy increases by ma. 
(b) When the lift is moving downward with an acceleration a (a <g ) 
(i) Pressure difference : Following previous discussion we write 
mà» mg - F} + F, «mg Pj A s+ P, As 
(Pj-Pj)Ase m(g-a)mehp.As(goa) 2 Py-Pmhp(gua) were eee! (4,12) 
So, the pressure difference decreases by A p a. 
(2) Buoyancy : Similarly, buoyancy on an immersed body is F= m (g - a) 
So, the buoyancy decreases by h p a 
(c) When the lift falls freely (a =g): —— 
In the case pressure difference P, ~ P, = 0 and buoyancy, F, = 0 
^ Pressure at any point inside be liquid is zero and up thrust of the liquid is also zero. 
(d) When the lift moves with uniform speed : 
In this case a = 0, So P, - P, =A p g and F, = mg. Here m = mass of the liquid column. 
These expressions for pressure difference and buoyancy are identical as obtained force liquid at rest 
(B) Free surface of a liquid moving with horizontal acceleration. Y 
The vessel containing liquid is moving with a horizontal acceleration 
‘a’ [ Fig 4.8] towards right. Any small volume V inside the liquid 
experiences two forces — its weight mg acting downwards and inertial 
force ma acting horizontally. The resultant of these two forces is F. The 
liquid surface will be perpendicular to F. In fig, AB is the surface of the 
liquid. The liquid surface makes angle @ with the horizontal. 


ten Oa Eu 


4.12. Buoyancy of gases: - 

Liquid exerts uptbrust or buoyancy on a body immersed in it Sishilarly, a gas also exerts upthrust on 
a body pot into it and the body will appear to lose a part of its weight. This loss in weight is equal to the 
weight of gas displaced by the body. For this reason, weight of a body in air is slightly less than its weight 
in vaccum. Buoyancy due to air being small, we usually neglect the loss in weight. So, Archimedes’ 
principle is applicable in the case of a body immersed in air or any gas. 

Few applications of air buoyancy : 

(i) Upward motion of a balloon containing a light gas : We know that a balloon filled up with 
hydrogen or helium gas goes up in air. This upward motion of balloon is due to buoyancy of sir acting on 
the balloon. Weight of hydrogen or helium filled balloon is less that the weight of air displaced by it. A 
net upward force 

F = buoyancy of air ( Fb) - weight of the balloon ( W) = Fb - W acts on the balloon, As a result the 
balloon goes up. Similar situation occurs in the care of cork released in water. 


440 A TEXT BOOK OF PHYSICS 


(ii) One kg cotton is heavier than one kg iron : When a body is weighed in air, a buoyant force acts 
on the body which neutralises a part of its weight. As a result, apparent weight of the body is less. It 
means that the weight of a body in vaccum will be higher than its weight in air. 


Now, the loss in weight in air depends on amount of air displaced.by the body. Let one kg cotton and 
one kg iron is weighed in air. Volume 1 kg cotton is larger than the volume 1 kg iron. So, the upthrust on 
cotton is higher than on the iron. Now,-these one kg cotton and 1 kg iron is again weighed in vaccum. It 
will be seen that one kg cotton is slightly heavier. AES 

4.13. Buoyancy correction for the weight taken on common balance : 

When we determine the weight ( or mass) of a body by a common balance in air we get its apparent 
weight. Because loss in weight of both the body and the measuring weights occurs due to air buoyancy. 

Let m = actual mass of the body, p = density of the body : 

m, = mass of weights required for balance. 
and p= density of the material of the weights. 


m ; 
apparent wt of the body, W = mg — rs [ d = density of air ] 


m 
and apparent weight of the measuring weights W= m, g —L.dg 


1 
Since W = W', we write mg ( -£- "ai -£ 
P P1 


-l 
*. actual mass of the body m = my ( -4) ( = 4) 
P1 P 


d 
or, m=m(1-2 (142) =m [29] [-d<<porp;] 
1 1 


MERICAL EXAMPLES 


Example 4.2 : A body of density p, is dropped slowly on the surface of a liquid of depth d. If the 
density of the liquid be p, ( p, < p,). Prove that the body will reach the bottom of the liquid after 


a ti | 26) y 
DIO 2r Ec 4 W. B. H. S. 2003 ; J. E. E. 
£(P1- Pa) : a 


Solution : Let m = mass of the body. Then its apparent.weight inside the liquid 


W=me- 29, g=me( 1-22. 
P1 P1 


Downward acceleration of the body a= b = ( ezez) 

m Py 
Then the time taken by the body to reach the bottom of the liquid t= ed 
a 
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j 2d Xp) 2d.pi 
EXACTA nm |) Sy a roved 
Ve(P1-P2) Va(i-p2) (P) 

Ex. 4.3: A cubical body made of steel is floating in mercury with its sides vertical. If the length 
of each side of the cube be 10 cm, calculate the length of the side that will remain above mercury 
surface. Density of steel and mercury are respectively 7-8 g / c.c and 13:6 gm / c.c [ W, B. H. S. 2001] 

Solution : Area of one surface of the cube = 100 cm? 

Let x cm of the cube is immersed in mercury, than by the condition of floatation. 

wt of the cube = wt. of the mercury displaced. 

1000 x 7-8 = 100 x x x 13:6 a x= 25 =5-135 cm 


Length of the cube remaining above mercury is = 10 — 5:735 = 4:265 cm 


Ex. 4.4: Three pieces of metal P, Q, R made of different material weighs 16, 20 and 22 gm 
respectively in air. When immersed in water they weigh respectively 14, 18 and 20 gms. Two of the 
three pieces are made of pure metals and the other is a mixture of them. Which one of them is made 
of the alloy metal. In what ratio are the two metals present in it ? [ W. B. H. S. 2000] 

Solution : Mass of water displaced by A = 16.— 14 = 2 gm 


*. Volume of metal A = 2 c.c. and its density = A. 8g/c.c, 


3 20 ] 22 
Similarly, density of metal B "pU 10gm/c.c. and density of metal C rir Ilgm/c.c, 


Evidently, the metal B is an alloy as its density is intermediate between A and C. 
Now, let amount of metal A in B = x gm and amount of metal C in B = ( 20—x ) gm 


= Sf x2 825-33 and 20-—x=14-67 


Ratio of the metals = 5:33 : 14:67 = 4 : 11 | 
Ex. 4.5: The weight of a body in air is 100 gm and in water 40 gm. What will be its weight in a 
liquid of specific gravity 0-8 ? What will be its sp. gr. with respect to the liquid ? 
Density of water = 1 gm / c.c. [ W. B. H. S. 1992 ] 
100—40 


Solution : Volume of the body, Y= =60c.c 


*. Volume of liquid displaced = 60 c.c. 

.. Buoyancy of the liquid = 60 x 0:8 = 48 gm 

^. Apparent weight of the body in the liquid = 100 - 48 = 52 gm 
1 100 

^. Sp. gr. of the body with respect to the liquid, $= ane 2.08 


Ex. 4.6: The weight of a piece of wood in air is 40 gm. when it is tied with a piece of brass of 
mass 12 gm, it floats fully immersed in water. If the specific gravity of brass be 8:5 and density of 
water 1 gm / c.c. Calculate specific gravity of wood. [ W. B. H. S. '92, 97 | 

Solution : Let density of wood = p gm / c.c 

40 12 (40 
Total volume of wood and brass ~ “5” Uem (2 T ra) 3m 


Now, by the condition of floatation, buoyancy = wt of the system 
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(2 +1- a)x1=40+12=52 S 2 0.59 a p= =0-8g/c.c 
p P 50-59 
*. Sp gr of wood = 0:8 
Ex. 4:7 : The inner and outer diameter of a hollow sphere is 8 am and 10 cm respectively. In a 
liquid of specific gravity 1-5 it floats fully immersed. Calculate density of the material of the sphere. 
[ W. B. H. S 1994 ] 
Solution : Let the density of the material of the spheres = pg / c.c 


4 4 4 
As the sphere floats fully immersed, we write E n(5)- a0 «| Aes ti (5? x15 


[53 -«*]p-rsxus +. p-3078/c«. 


Ex. 4.8 :. There is a cavity in a piece of metal of mass 240 gm. It weights 192 gm in water. If the 
density of metal be 8:0 g / c.c. Calculate the volume of the cavity. 


/ : 240 
Solution : Volume of the material of the metal piece, V = E 30c.c 


Now, the volume of the metal piece together with the cavity, V^ = 240 — 192 = 48 c.c. 
*. Volume of the cavity v = V/— V = 48 - 30 = 18 c.c. 
Ex. 4.9 : A cube floating in mercury has one-fourth of its volume submerged. If enough water is 
added to cover the cube, what fraction of its volume will remain immersed in mercury ? 
[ density of mercury = 13:6 gm / c.c ] [ J. E. E. 1995] 
Solution : Let V c.c be the volume of the cube and p g / c.c be the density of its material. When the 
1 
cube floats only in mercury we get VP = vi X13-6 ~». pz3-4g/c.c 
Now, let after sufficient water is poured to cover the cube, x fraction of its volume be in mercury and 
( 1 — x) fraction in water . i » 
Vx3-423Vx13-64(I-x) V X= 
x 21 4 
-. Fraction of volume of the cube immersed in mercury 731 
Ex. 4.10: When a body is immersed in three liquids of specific gravity s], 55 and 53 aay 
its apparent weights are wj, w and w3 respectively. Show that 


sı (W2 — w3) + sz (w3 wi) 53 (w3 7 w2)=0 [ J. E. E. 1995 ] 
Solution : Let W be the weight of the body in air and s be the specific heat of its material. Then we 
w s 
ESSE Dade a A CRAT A e eO TO ERECTA ETE (i) 
s 
Wc = x $5... BM RIG ase chs te (ii) 
Chi eer ue osa eei e E ccn (iii) 


From (i) and (ii), wj — W2 = 
From (i) and (iii) w3 — w = m (s; —53) 


"e ser w 
From (ii) and (iii), Wz — w3 =— (s3 - s2) 
t$ 


! — BUOYANCY AND ARCHIMEDES’ PRINCIPLE i 443 
sj (wo = w3) + s2 (w3 = wi) + 53 (wp wz) 
=" sı (83 755) + 52 (575) +55 (s)-5))|=0 
Ex. 4.11 : When a body is put in three liquids in successive it floats with > L and x of its 


volume immersed i in the three liquids respectively. If the body be immersed into oe mixture of these 
three liquids mixed in equal volumes, what fraction of its volume will remain under the liquid ? 


Solution : Let V c.c. be the volume of the body and p g / c.c. be the density of its material. If the 
densities of the three liquids be dj, d? and d; g/c.c. then from the condition of floatation in the case of 


1 
first liquid, 2 dizWp .. dj-2p 
Similarly, densities of the second and third liquid are d; =3p' and d4 —4p respectively 
Now, let v c.c. of each liquid is mixed together ~. . volume of the mixture, vy, 73v 


9pv 
ZRT g 
3v p 


So, the density of the mixture is equal to the density of the second liquid. Hence. in the mixture the 


and mass, m=2pv+3pv+4pv=9pv ~. density of the mixture , Pm = 


1 
body floats with 3 of its volume immersed in the mixture. 


Ex. 4.12 : What should be the minimum area of a ice block of sacle 30 cm so that it will 
float in water with a man of mass 90 kg ? Density of ice = 900 kg / cm > 

Solution : Let the minimum area of the base of the ice block be A m?. When a person of mass 90 kg 
is the ice block it can sink by 30 cm. Then from the condition of floatation. 

Wt. of the ice block + wt. of the man = wt. of water displaced 


Ax0-3x900+90=A x0-3x 1000 
Or, 9-3A(1000-900)=90 ... A=3-33 m? 
<. Required area of the ice block = 3:33 m? 
1 
Ex. 4.13 : A body floats in a liquid with 4 of its volume above the liquid. It is taken to a depth 
‘d’. After what time it will reach the surface ? 
Solution : Let v be the volume of the solid and p, be its density. If p; be the density of the liquid. 
Then by the condition of floatation. 
3 4 : 
aeea ^I 73Ps SEEN cen ean 3 ops (i) 
If the body rises with acceleration ‘a’ inside the liquid, then 
ma =— p] g-mg [m = mass of the body ] 
Ps 
a=s(%- ess [ by equation (i) ] 
" : [255 2d [6d 
If it reaches the surface of the liquid after t sec then,. = 2 Ir end = 
6d 


. then required time = 
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Ex. 4.14 : A sphere made of rubber of specific gravity P is released at a depth h inside a liquid 
of sp. gravity o (o> P). To what height will the sphere jump from the surface of the liquid. Neglect 
all types of friction. [J. E. E] 

Solution: If ‘a’ be the upward acceleration of the sphere inside the liquid then, 


ma=F, -mg [m= mass of the sphere ] 


ic ma-' og-mg ~ a=g(o-p)/p 


If v be its velocity on reaching the surface then, v? =2ah=2gh (=) M one (i) 
If the sphere jumps up to a height h above the liquid surface, then by the principle of conservation of 
m EN = xyes (=e) [ by equation (i)] 
energy, "gx 2 n 2g yy Roc d ae y eq) 


Ex. 4.15: A ring made of diamond and gold ( sp. gr. respectively 3:5 and 17:5 ) weights 7:35 
gm, When immersed in water, the ring weights 6:85 gm. Find the weights of the diamond and gold 


in the ring . [ J. E. E. 2000 ] 
Solution : Let mass of diamond in the ring be m gm and mass of gold is ( 7:35 — m ) gm. 
m T.35-m 
Now, apparent weight = actual weight — buoyancy. So, 6-85=7-35— isu: Miao 
m... 1S5=m ; 
— + ——— =055 -35=8- pe 20.35 
3:5. 10:5 or, 4m+7-35=8-75 m 3 


~<. mass of diamond = 0:35 gm and mass of gold = 7-0 gm 


Ex. 4.16 : A balloon is discending with an acceleration a (a< 8). Total weight of the balloon is 
m. What mass be dropped from the balloon so that it will go up with the same acceleration ‘a’ ? 
Neglect air resistance. A 

Solution : Let the upthrust on the balloon be F,. In the first case [ Fig 4-9 (i) ], the equation of motion 


F, F, of the balloon is ma=mg-Fp, Fp =m(g-a) ..... ee (i) 
a Now, let a mass m; is dropped from the balloon so that it goes up with: 
| t the same acceleration ‘a’ [ Fig 4.10 (ii) ]. The equation of motion is 
^ (m-m)az E, -(n-m)s E 
VUE AGES <. (m-m)a=m(g-a)-(m-m)g=-ma+mg 
(1) (ii) ai 
Fig. 4-9 m2 mas <. m= 
ig ma =m, (a+ g) eros 


Ex. 4.17 : A string can bear a maximum tension of 3 kg. A stone of mass 3:5 kg is suspended into 
water by this string. Now, the stone is pulled by the string. What fraction of its volume bc pulled out 
of water when the string breakes ? Specific gravity of stone = 3*5. 

Solution : Let the string breaks when a n fraction of the volume of the stone is inside water. 

3-5x 1000 
Volume of the stone Saari 1000c.c .. 3500-1000n=3000 .. x=0:5 
So, the string breaks when half of the stone is pulled out of water. 


Ex. 4.18 : A stone of sp. gr 2:5 is released under water from rest. Calculate the depth to 
which the stone sinks in 2 sec. Specific gravity of sea water — 1:025. Acceleration due to gravity 
= 9-8 m s? [ W. B. H. S. 1991 ] 
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Solution : Let the volume of the stone be v c.c and its density p gm / c.c. When immersed in water, 
resultant downward. force is 


F-vpg-vpig p =2-Sg/c.c 
P 
*, Downward acceleration, a-£-38 p; 71-025g/c.c 
" 1-025) _ 2 
a =980(1- 40) -578-2.om/s = 980 cm/s? 
1 : 
. Depth discended by the stone in 2 sec is h= sat” 3 Mex 578-2 x (2) =1156-4 cm 


Ex. 4.19 : A common hydrometer floats in water fully immersed. sp.gr of water is 1:0. When the 


2 
hydrometer float in a liquid of sp.gr. 1*6, its whole stem is above water. If in another liquid — part 
of the stone be above water, calculate density of the liquid. [ J. E. E 1988 ] 


Solution : Let V be the volume of the hydrometer and v be the volume of the stem; mass of the 
hydrometer is m and density of liquid is p g / c.c. Then by the question. 


n-(Vespaevktes(veT)xo v Vevevxt6 putes à) 
1 » _ 3(1-6=p) 
Iso 1-6 V= v+%) A penne RGanh ego ee) | Deen PONE (ii) 
ds ( 3) pam (6-9) — y 3 
3(1-6-— 
30600) no E 
p 


Ex.4.20: The mass of a sugar crystal is 40 g. On it a coating of wax is given. Mass of wax is 5/76 
g and its specific gravity is 0:96. If the wax coated sugar crystal weighs 14-36 g in water. Calculate 


the specific gravity of sugar. [J. E.E] 
Solution : Let sp. gravity of sugar be S. 


*. Volume of sugar, Vj = i c.c. and volume of wax, V5 = 2 -6cc, 
Total mass of wax coated sugar = 40+5-76=45-76 gm 

-. Apparent weight of waxed sugar = 14-76 gm 

*. Volume of displaced water =45-76—14-76=31c.c. P 


40 
. Volume of sugar and wax =3le.c. ~. TOi 7 Ec cip 


Ex. 4.21. One end of a rod of mass 12 kg and length 6 m is fixed in water at a depth of 3 m. 


What weight be added to the upper end so that 5 m of the rod remains under water. Specific gravity 
[L I T. ] 


of the material of the rod = 0:5 
Solution : The arrangement is shown in fig 4.10. Hence, the length of 
the rod, OA = 6m, portion of the rod immersed in the liquid, OB = 5 m. C 
is the midpoint of the rod. So OC 2 3 m. The rod is fixed under water at O 
at a depth of 3 m, weight of the rod W acts through C. At the free end W, 
kg load is attached. The buoyancy F, of the liquid acts through D, the 
midpoint of OB. ; 3m 
Now, F,, = wt. of water displaced by OB = volume of OB x density of 


water 
10 s [o 


E 300* 1000= 20 kg-wt Fig.410 
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Next, the algebraic sum of the moments of all the forces about O will be zero, 
F,x OB sin 0 = W x OC sin 0 + W} x OA x sin 6 
or, 20x25212x3 4 W, x6 


W == 2-33 kg-wt 


Ex. 422: A body of density 12 g / c.c is weighed by brass weights. Density of brass 8 g/ c.c. If 
buoyancy of air is neglected what is the percentage error in the measurement ? Density of air = 
1.2.x 107 g/cc [ J. E. E. 1992 ] 


Solution : Here apparent weight of the body = apparent weight of the brass weights 
Let m = actual weight of the body and m, = actual weight of the brass weights. 


. Actual weight of the body — buoyancy of air on the body 
= actual weight of the brass weights — buoyancy of air on it. 


x: m A 
or, m-T,XV2x10 Sem --xr2x10 Bits m-mxio4 =m, —m, x1-5x10~ 
mes CPETOS mpm 05x10% 05x10 
—- TE —— ee A = 
ma 115x107 2; 1-L5x10-4 [ Assume denomenator =1] 
m-m ET 
= x100=0-5x10 ^ =0-005 % 


*. percentage error = 


Ex. 4.23.: The density of the material of a hollow sphere of radius R is p. Prove that it will float 


in water if the thickness of the wall t satisfies the relation e : [ J. E. E. 1994] 


Solution : From the condition of floatation, wt. of the sphere < wt of equal volume of water. 
3 
4 4 4 qood t ANS 
EL i-is - D] ES QR x ^ or, mU -(-4) ES vrais 
3t ; 3t R 
15 om «1 -Aa 1:0 3 A auae taz 
[ ( 3 [t «« R, terms containing t and /^ neglected] ~. R ex! 3p 
Ex. 4.24 : When a loaded cargo ship enters into a river from sea it sinks by x cm. Then it 
discharge its cargo at a port by the side of the river and rises by y cm. On returning to sea, it rises 
ue 


by another z cm. If the sides of the ship are vertical, show that the density of sea water ^ 4 y: 


Take density of river water to be unity. 3 
Solution : Let W = wt. of the empty ship and W, = wt. of the cargo, A = Area of cross of the ship, 
p = density of sea water, h = height of the ship under sea water initially. 


When the ship is in the sea, W+ Wj = Bil ud bernie .Q) 
When the ship enters into the river W + W = (HR) AN oor. (ii) 
After discharging the cargo at the port by the side of the river W=(h+x-y)A...--.--- (iii) 
When the ship finally returns to the sea W = (h*x-y-z)AB..ee tme (iv) 
From (i) and (ii), hAp=(h+x)A=hp=(h+ x) T A E NTE HT Ree (v) 


from (iii) and (iv), (h+x-y-z)Ap=(h+x-y)A - hp*(x-y-z)p-h*x-y 


-y-z)p=- v i TAP aed 
(x-y-2p-2-» [~ by relation (v)] ~<- P I5 ( Proved ) 
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Ex. 4.25. A bucket containing water is suspended by a rope which passes over a smooth pulley. 
From the other end of the rope a ball hangs and is fully immersed in water in the bucket. If W be 
the weight of the bucket plus water contained in it and s (> 2) be the specific 
gravity of the ball, show that the weight of the ball is T 

s- 


Solution : The arrangement is shown in fig 4.11; 
w 
T2wi -— [ W, = wt. of the ball ] and [T = tension in the rope ] 
Wi1$5—W4 2 WS tW S. Wy = 
1 1 1 ta geo 
Ex. 4.26 : A solid cubical block of side ‘a’, made of uniform material of 
specific gravity s ( « 1) is held just above the water surface in a large vessel, the 


lower horizontal face of the cube just touching the water surface. Prove that 
when, the cube sinks down so that a depth x is immersed, the P. E of water and 


the block increases by w(x? -2xas)! 2as, where w is the weight of the block. 
Show that the equilibrium position of the block when it is floating freely corresponds to a minimum 
value of this P. E. 


Solution : Weight of the block, W = a? s g When a depth x of 


a a the block is immersed in water, its centre of gravity is also 
g-a depressed by x: 
w x . Decrease in gravitational potential energy of the block is 
zx Fig. 4.12 E E; =w.x 


At this position buoyancy on the block, Fp = wt. of water displaced 
F, -a?x x 1x g z a?xg i 
2 
Average upward force on the block , Fea 
Gain of political energy of the block = work done against the upward force 


2 
7 UTD 1.733 . 
E,= x= Sax 
P 2 2 8 
Net gain of potential energy, A E; m E, -Ep 


.l f E 
AE,- 9% 8 Whe ee ie 


w j 
- (x? - 2asr) [ As w-a?sg dius. (i) 
When the body floats, then weight of the displaced water = weight of the body 
a)?xgza)sg ^ x=as 
is minin at Ea) =0 
2nd Part : Potential energy is minimum when y | Zas f 


2x-2as=0 .. x-as 


e SHORT ANSWER TYPE QUESTIONS (With answer) @ 
Q. 1. A piece of ice is floating in a liquid of specific gravity 1-2 contained in a vessel. Will there 
be any change in the level of the liquid in the vessel when the piece of ice completely melted ? 
[ J. E. E 1994, W. B. H. S 2002] 


Explain. 


Ans. Level of liquid rises. Explanation : Let the mass of the piece of ice m gm. By condition of 


floatation, mass of liquid displead = m gm. 
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m 
=, Volume of liquid displaced, MI 713 c.c. When the ice melts, mass of water formed = m gm 
+. Volume of water formed, V5 7m c.c Since V5 » Vj, level of liquid rises. 


Q. 2. A drop of oil rises within water with an acceleration o g. If & is a constant and G is the 
acceleration due to gravity. Find the specific gravity of the oil. Neglect the friction of water. 

` EW. B. H. S. 2002 ] 

Ans. As the oil drop rises through water, its density is smaller than that of water. Let its density be p 

g / c.c. If m be the mass of the oil drop, net upward force on it is 


E, 
m 
má Fy. = ožila ng 
1 
[ +. acceleration 4 7 8 (5 Ww J 
mg 1 1 
^. by question, OS =& G ^ i ED TG: 


Fig. 4-13 


Q. 3. A floating body is weightless. Explain. 

Ans. From the condition of floatation, we know a body floats only when its weight W (acting 
downward ) is equal to the buoyancy F, which is equal to the weight of liquid displaced ( acting downward). 
Hence for a floating body W=F, ~. W- F, =0 

+. Net force on the floating body is zero. 
Q. 4. Does Archimedes* principle hold good in the case of free fall ? [3 E. 35.799 ] 


Ans. Archimedes’ principle is not applicable when a body falls freely. Reason isa freely falling body 
is weightless. So no upthrust or buoyancy acts on the body. 


Q. 5. A cork is released in water in a beaker which is falling freely. What will be its motion. 
Ans. The cork will not rise through water in the beaker. It will remain where released in the water. 


Reason : As the water is falling freely, it is weightless. It cannot exert any buoyancy on the cork as the 
buoyancy is related weight of the liquid. 


Q. 6. A boat is floating in a swimming pool with some stones in it. If the stones are dropped into 
the pool, what will be the change in level of water in the swimming pool ? [ J. E. E. 1991] 


Ans. Level of water in the swimming pool will decrease. 
Explanation : Let W, = wt. of the empty boat and W, = wt. of the stone in the boat. 
*. Volume of water displaced by the loaded boat V, = ( W, + W,) cc. 


© W. 
When the stones are dropped into water, volume of water displaced by the stones now = E c.c. 


Where d = density of stones. Now the volume of water displaced by the boat and stone, 


Wy 
MES Wists C16. 


As d>1, V3< V}, So, the level of water in the swimming pool will decreases. 


aA 
Q.7. A cork of density 0:8 g / c.c. is released under water. What will be its | 
upward acceleration ? : 


F, 


Ans. Let m = mass of the cork, Fp = buoyancy. It ‘a’ be its upward acceleration. mg 


Then its equation of motion ma = F, -mg Fig. 4.14 
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m 1 mg g 
ma-——xlxg- = — =] | = = = Ls 
TEL "(cs ) e cae Pii 


So, the upward acceleration of the cork =Å 


Q. 8. A wooden block is floating on water in a closed vessel. If the air is compressed will the 
block float up more or sink further ? 

Ans. If the air in the closed vessel is compressed, the block will float up further. Reason : The 
wooden block floats on water due to upthrusts exerted by air and water both. If the air is compressed, its 
density rises. As upthrust increases with density, the upthrust exerted by compressed air increases. Hence 
the block will float up more. 

Q.9. In the Q. 8, if the air is removed from the closed vessel; will the wooden block float up 
more or sink further ? 

Ans. The wooden block will sink further. Reason : The block floats due to upthrust exerted by air 
and water both. If the air is removed, buoyancy due to air will be absent. So, it will sink further. 

Q. 10. A body of volume v and density d is floating at the interface of two liquids of density d; 
and d, (d, > d). Calculate the volumes v, and », of the portions of the body immersed in the two 
liquids. 


Ans. By the condition of floatation, vd =vjd] +vid) .. ee (i) 
Now, V=vjtv2 ~. vdj-2vidj vado «2... eee een QS (ii) 
^. from the equation (i) and (ii), v (d —d5) =v, (4j -d,) 
d-d, Satan d,-d 
ULIS imilarly v =v. 
dj - d; dj - dy 


Q. 11. A man carries a bucket containing water in one hand and a fish in thé other hand. If he 
releases the fish in water in the bucket, will he carry less weight now ? 

Ans. He will carry the same weight in both cases. 

Explanation : When the fish is released in the water in the bucket, the water exerts an upthrust and 
apparent weight of the fish will be less. But by Newton's third law the fish will exert a downward reaction 
on the liquid of same amount as the upthrust due to the liquid. This reaction ultimately acts on the bottom 
of the bucket. Evidently, loss in height of the fish due to buoyancy is equal to the additional force exerted 
on the bucket. So the total weight remain unaltered. Hence the man carries same weight always. 

Q. 12. A body floats in a liquid of sp. gr. S, with x part of its volume immersed and floats in 
another liquid of sp. gr S, with ( 1 —x ) part of its volume immersed in the liquid. Show that sp. gr 

S182 
of the body = SENS 

Ans. Let the volume of the body be V and its sp. gr S. In the case of first liquid, VS =xVS, 

J. S2x8,...(i) and in the case of second liquid, VS= (17 x) VS. S2(1- x) S5... .. (ii) 


ye-a i S SS, 
From the equation (i) and (ii), S=|1- a S2 =S, - ie: 


S SS 
s|i-22|-s, =. s=- 
Si Si * S5 
Q. 13. The density of a body is d and that of air is p. If the body weighs W in air, show that its 


: RDN 
actual weight is Wo 7 1—,7. "T 
Phy (1)—29 
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W 
l-p/d 


W Ad 
Ans. Actual weight = apparent weight + buoyancy Wo =Wt+ se p Wo 


Q. 14. The weight of a body is air is w and in water fulled immersed is Wi. Show that its 
weight in a liquid of density 5 is W’=W-(W-W,)5 
Ans. Weight of water displaced = W — Wi 
:. Volume of the body, V =W — W, [ ~ density of water = 1g/cc] 
When'the body is immersed in the liquid of density § 
,Duoyancy on the body, F, = Weight of the liquid displaced = (w - Wi) ô 
*. Apparent weight of the body in the liquid W’ =W - F, = W-(W-W,)6 
Q. 15. A piece of ice with a cork in it is floating in water taken in a beaker. When the ice melts 
completely will the level of water in the beaker change ? ; 
Ans. The level of water in the beaker will. not change. 
Explanation : Let the mass of ice be M gm and that of cork = m gm. 
*. From the condition of floatation, the mass of water displaced by ice = (M + m) gm 
volume of, water displaced, V,=(M+m)c.c. when the ice melts completely, mass of water 
formed = M gm and volume of water formed = M c.c 
Now, the cork will float on water separately and the volume water displaced by it = m c.c. 
*. Total volume of water formed due melting of ice and volume of. water displaced by the cork 
V5 =(M+m)c.c 
Since Vj = V» , the level of water in the beaker does not change. 
Q. 16. A piece of ice with a stone embedded in it is floating in water kept in a beaker. When the 
ice melts completely, will the level of liquid in the beaker change ? 
Ans. When the ice melts completely, the level of water will fall. 
Explanation : Let W; = mass of ice, W, = mass stone 
-. volume of. water displaced by ice with embedded stone Vj =(W, + W3) c.c. 


Now, after melting of ice volume of water formed = Wi cc. 


= W; 
Now, volume of water displaced by stone = Pee. [ d = density of stone ] 


. Total volume of water formed and volume of water displaced by stone separately, 


W, 
Vv) = -(m+ d 5) cc. As d>l, V2 «Vj. So the level of water falls. 


Q. 17. A. vessel containing water is placed on a weighing machine. The machine reads W kg. 
Now, a rod of length / metre and radius of cross section r metre is dipped into water in the vessel 
without touching its well. What will be the reading of the balance now ? 

Ans. When the rod is dipped in water an upthrust will act on the rod. As a reaction the rod also exerts 
a equal amount of downward force which acts at the bottom of the vessel. So the reading the balance will 
increase. 


Now, buoyancy on the rod, F; =nr-lx Py =T rp, ~ [ p,, = density of water ] 
*. Force at the bottom of the vessel — 727 [e 
Reading of the balance = (W + mr? Ip, ) kg-wt 
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Q. 18. -Weights of two bodies in air are mı and m, respectively. But this apparent weights in 


water are equal. If the specific gravity of the first body be sı what will be the sp. gr. of the second 
body. 2 


17. 


25. 


Ans. Let s, be the sp. gr of the second liquid. As their apparent weights are equial, 
Nes ora ai vi Ui Py aa OS 
1 =m S0 msy- m = ms] 
8, 2 32 
MSI 7OSI 


eor cmi te i m E ERN 
hs sı (m; — my) + m CE as 


Short answer type questions : 


What is meant by buoyancy ? What is its value ? 

What is ‘apparent’ weight and ‘actual weight’ of a liquid ? Give the relation between the two. 

A floating body has no weight. Explain. 

Between two identical spheres, one is solid and the other is hollow. If they are immersed in water, which sphere 
will experience higher upthrust ? 


A block of mass m is falling freely. What is its weight during free fall ? 
Why is it easier to swim in sea water than in river water ? [ W. B. H. S. ] 
Does Archimedes’ principle hold good in the case of body feeling freely ? [ J. E. E. '94] 


Does Archimedes’ principle hold good inside an artificial satellite revolving round the earth ? 
[ W. B. H. S. 1993] 


A cork is released in water in a beaker kept in a satellite. What will be the motion of the cork ? 
It is easier to move a heavy stone in water. Explain. 


. The weight of a big hollow sphere is balanced by using brass weights in a common balance. The whole system 


is now placed in an. air light beljar and air is removed. What will be the result ? 

A balloon filled with tight gas goes up in air. Explain. — , 

A boat containing a number of large stones floats in water. If the stones are dropped in water, will the level of 
water change ? [ J. E. E. 1991] 


. What are the conditions of equilibrium floatation ? 


What are mean by stable and unstable equilibrium ? 
A beaker containing water is placed on a spring balance. A piece of stone is suspended into the water of the 


beaker by a string. Will there be any change in spring balance reading ? 
A man is carrying a bucket full of water in one arm and a fish in other arm. If the man releases the fish in the 


water of the bucket, will he bear less weight now ? Explain. 
Show that in the case of a floating body fraction of volume immersed is equal to the ratio the density of the 


body and the density of the liquid. 


. State Archimedes' principle. [ H. S 2000 ] 


A piece of stone sinks in water. But a ship made of iron does not sink. Explain. 


. A soft plastic bag is first weighed empty and then filled with air at atmospheric pressure. In both the cases 


weights are equal. Explain. 


. A boat floating in a water tank is carrying a number of wood blocks. If the blocks are unloaded into water, what 


will happen to the water level ? Give the reason in brief. 


. A small ball of density p is immersed in a liquid of density 6 (o > p) to a depth h and then released. To what 


o 
maximum height will the ball jump above the surface of water ? [Ans ( = i)a 
A small ball of density p is dropped from a height A into a liquied of density c (c > p). To what maximum 


h 
depth the body will sink ? [ns 22] 


When a ship enters into a river from sea, it sinks further. Explain. 
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26. A piece of ice with an embedded stone is floating on water in a beaker. When the ice melts ERR will the 
level of water change ? 
27. A disc, a cube and a sphere having same mass and made of same material are immersed in water. Which one 
will feel maximum upthrust and which one minimum upthrust ? 
28. A beaker full of water is placed on one pan of a common balance. On the other pan another beaker full of water 
with a piece of wood floating on its, is placed. Which pan will be heavier ? [ J. E. E. 1994 ] 
29. A bird is sitting at the bottom of a cage which is suspended from a spring balance. Now, the bird starts flying 
inside the cage. Will the reading of the balance change ? 
30. An empty balloon and the same balloon filled with air at atmospheric pressure have equal weight. Explain . 
31. A man is sitting on a boat floating on water of a pond. If the man drinks some water from the pond, will the 


level of water in the pond change ? [ I. I. T. 1980 ] 
32. A air filled balloon with a weight tied to it floats in water fully immersed. If the balloon is depressed into water, 
it sinks in water. Explain. ELIT] 


33. The weights of a body in vacuum and in water fully immersed are respectively W and W’. Show that the 
weight of the body in a liquid of density d is [ W -( W - W)d] 
34. An oil drop rises with an acceleration œ g in water. If œ be a constant and g be the acceleration due to gravity, 


1 
show that the density of oil is 1 +O. [ W. B. H. S. 2002 ] 
35. The weight of a body in air is W. If density of air be p and that of the material of the body be d, what is the 
actual weight of the body ? [ Ans. Wy = W/(1-p/4d)] 


36. A body floats in a liquid with the fraction n of its volume immersed in the liquid. If the body is fully immersed 


in the liquid what will be its upward acceleration. [ Ans. En 


B. Essay type questions : 


1. State Archimedes’ principle. How can the relative amounts of two pure metals in an alloy be determined with 
the help of this principle. [ W. B. H. S. 2002 ] 

2. What is buoyancy of a liquid ? Show that buoyancy is equal to the weight of liquid displaced by the body. Why 
does buoyancy always acts in the upward direction ? 

3. How can the density of a solid heavier than and insoluble in water can be determined by Archimedes' 


principle ? [ W. B. H. S. 2000 ] 
4. State Archimedes' principle and discuss the conditions of floatation of a body. [ W. B. H. S. 2000] 
5. State the conditions of equilibrium floatation of a body. Is Archimedes’ principle applicable in a liquid falling 
freely. Explain. [ W. B. H.-S. 1998 ] 


6. What is buoyancy ? On which factors its value depends ? What is the measurement of buoyancy ? What is 
centre of buoyancy ? How does the stability of a body depends on the position of the meta centre ? 
7. Explain different types of stabilities of a floating body. 
c. Simple numerical problems : 


1. A body floats in water with 5/6 of its volume immersed in water. What fraction of its volume will remain above 


^on ry 11 
liquid of density 1.2 g / c.c. When it floats in the liquid ? : [Ans EU ] 


2. An iceberg floats in sea water. What part of its volume will remain above water ? Given, density of ice is 0:918 

g/ c.c. and sp. gravity of sea water = 1:025 [ Ans. 0:104 part ] 

3. An alloy of copper and lead weighs 320 g and volume 30 c.c. Calculate mass of copper and lead in the alloy ( 

Sp. gr. of copper = 8:89 and of lead = 11-37. [ Ans. 77 gm, 243 gm ] 

4. A piece of glass, coated with a thick layer of wax is floating in water just immersed. The densities of glass and 
wax are respectively 2-6 g/c.c. and 0-8 g/c.c. Calculate the ratio of the volumes of wax and glass. 

[Ans. 8:1] [W. B. H. S. 2004] 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 
18. 
19. 
20. 


21. 


BUOYANCY AND ARCHIMEDES' PRINCIPLE 453 


. The weights of a body in air and in water are respectively 100 gm and 40 gm. What will be its weight in a 


liquid of specific gravity 0-8 ? Calculate the specific gravity of the body with respect to the liquid: 
[ W. B. H. S. '80,792] [Ans: 52 gm, 209] 


. A piece of metal with a cavity in it weighs 237:3 gm. It weighs 192:1 gm in water. If the density of the metal 


be 7:91 g / c.c. Calculate the volume of the cavity ? [ Ans : 15 c. c. ] [ W. B. H. S. 1991] 


. An ornament of sp. gr. 10:5 appears to have an hollow space. It weighs 288-75 gm in air and 25875 gm in 


water fully immersed. What is the volume of the hollow space ? [ Ans : 2:5 c. c.] 


. The inner and outer diameters of a hollow sphere are 8 cm and 10 cm respectively. It floats fully immersed in 


a liquid of density 1-5 g / c.c. Calculate the density of the material of the sphere. 
[ Ans. 3:07 g / c.c ] [ W. B. H. S. 1994 ] 


. A body weighs 04 gm in air. Tied to a sinker it weighs 3:37 gm. Weight of the sinker in air is 4 gm. Calculate 


sp. gr. of the body ? [ Sp. gr. of the sinker = 8 ] [Ans : 075] LW. B. H. S. 1988 ] 
The weight of a piece of wood in air is 40 gm. When it is tied with a piece of brass of mass 12 gm, the 
combination floats fully immersed in water. The sp. gr. of brass is 8:5 and density of water 1 gm / c.c. Calculate 


specific gravity of wood. [ Ans. 0.79 ] [ W. B. H. S. 792, '97] 
A sugar crystal of mass 40 gm is coated with wax of mass 5:76 gm. sp. gr. of wax is 0:96. If the wax coated 
sugar weighs 14-76 gm under water. Calculate sp.gr. of sugar. [ Ans: 1-6] [ J. E. E. 1996 ] 
The weights of a body in three liquids of sp. gravities S}, S, and S, are respectively W}, W, and W, show that 
Si (w,-w,)+s, (w,-w)+s, (w,-w, )=0 [ J. E. E. *95] 


The weight of a solid in air is 237-5 gm and it weighs 12:5 gm fully immersed in a liquid of sp. gr. 0:9. 


3 
Calculate the specific gravity of the solid. In another liquid it floats with 5 th of its-volume immersed. What is 


the specific gravity of the liquid ? 3 [ Ans . 0:95; 1:27] [ W. B. H. S. 1983 ] 
A body of mass 25 gm and sp. gr. 5 is at a depth of 50 cm under water. How much work is done to take it 
slowly to the surface of water. g = 9:8 m/s? [ Ans . 9:8 x 10? ergs ]. [ J. E. E. 1988 ] 


1 
A cube floats in mercury with ee of its volume immersed. Now, sufficient water is added until the cube is 


fully immersed. What fraction of volume of the cube will be under mercury now ? Sp. gr. of mercury = 13:6. 


4 
[Ans : s [ J. E. E. 1995 ] 


An oil of specific gravity 0:5 in floating on water kept in a beaker. A cube of side 10 cm and mass 600 gm 
floats fully immersed in oil. What length of the cube be under water ? 1 [ Ans : 2 cm ] 
There is a hollow space of volume 1720 c.c inside a metal sphere of volume 2 litres. The sphere floats in watèr 
completely immersed when a mass of 2 gm is placed on the sphere. What is the specific gravity of the metal ? 

[Ans : 7:15 gm/c.c] 
A hollow cube of side 25 cm is floating half immersed in water. Find the volume of Jead attached to its lower 
part so as to sink it a further 1:6 cm in water. Density of lead = 11:5 g / c.c. [Ans:87 c.c. ] 
A large block of ice ( density 0:9 g / c.c. ) 5 metre thick has a vertical hole drilled through it and is floating at 


the middle of a lake. What is the minimum length of a rope required to scoop up a bucket full of water through 
the hole ? [Ans . 50 cm ] [L E. T. ] 


Sp. gr. of ice is 0-9 and that of sea water 1:125. What part of the volume of iceberg will remain above water ? 
[ Ans: 0:2 part ] 


The weight of a body in a liquid of density dj is w and it weighs w in a liquid of density 4). What will 
wy (4 =4))= m (d= 45) 


(4-4) 


[Ans. ] 


be its weight in a liquid of density 4; ? 
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22. A body weighs w in a liquid of specific gravity s; and it weighs w, in a liquid of specific gravity s. What 


WAS, — WM 
(oC cepa fon 
o) P wi 
23. A hollow sphere of outer radius 10 cm and inner radius 9 cm floats half immersed in a liquid of specific gravity 
0-8. What is the specific gravity of the material of the sphere ? [ Ans. 1-5 
24. A mass of m of a liquid of density p, is mixed with m of a liquid of density pz. If the volume of the 


(m* pA 
i aiir 
25. The ratio of densities of three liquids is 1 : 2 : 3. What will be the density of the mixture when the liquids are 


is the specific gravity of the body ? 


mixture does not Cantos: Calculate the density of the mixture ? [Ans. LW. B. H. S. 1989 


: 18 
mixed in (i) equal volume and (ii) equal mass [ Ans. (i) 2d (ii) m d,- d= density of first liquid 


26. A stone of density 2:5 g / c.c. is dropped into sea water of density 1:025 g / c.c. At what depth it will sink 
after 2 sec.? g = 980 cm / s? [ Ans. 11: 56m] [5 E. E. 1999] 
27. Calculate the volume of piece of brass that should be attached to a piece of wood of mass 100 gm and density 
0:9 g / c.c. so that the combination just sink under water ? Density of brass = 9:5 g/c.c. [ Ans. 1:48 c.c 
28. The inner and outer diameters of hollow sphere are respectively 9 cm and 10 cm. It floats half immersed in a 
liquid of specific gravity 0-8. Calculate the density of two material of the sphere. Also calculate the sp. gr. of the 
liquid in which the sphere floats fully immersed. [ Ans. 400 kg / m3; 0:4 
29. A ball of density p is dropped from a height h to a liquid of density Po (Po > p). To what depth the ball will 
sink ? [ Ans : p.h/ (Po — 9)] 
30. A string can bear a maximum tension of 3 kg. A stone of weight 3:5 kg is suspended into water by the rope. 
What portion of the stone be drawn out so that the string breaks ? sp. gr of iron = 3:5 [ Ans. 0:5] 
31. From the two arms of common balance two bodies are suspended. The balance is horizontal when the bodies 
are immersed fully in water. One body weighs 28 gm and its density 5:68 g / c.c. If the mass of the other body 
is 36 gm what will be its density ? [ Ans. 2:77 g / c.c. ] 
32. A body of mass 100 gm and density 0-85 g / c.c is floating in water . Now, a liquid of density 0*8 g / c.c. is 
poured so s the body is fully immersed in liquid. What volume of the body will be under water ? 


[ Ans. 25 c.c. ] 
33. A buoy of volume 200 litre and density 0-95 g / c.c. is fixed to the bottom of the sea by a chain. If the density 
of sea water be 1:02 g/ c.c, calculate tension on the chain. [ Ans. 14 kg-wt ] 


34. A toy balloon is to be filled with hydrogen gas of density 0:09 g/ c.c. The balloon weighs 5:8 gm when 
empty. How many litres of hydrogen at atmospheric pressure be put into the balloon so that it just floats in 
air. Density of air = 1-25 g / litre [ Ans. 5 lit ] 

35. A boat is floating in a pond which is a square in shape of side 20 m. 100 cubical bricks of side 20 cm is lying 
on the boat. If all the bricks are dropped into water, what will are the change in level of water in the pond ? 
Density of bricks = 2-5 g / c.c [ Ans. level of water will be lower by 0:3 cm ] 

36. What should be area of an ice block of thickness 50 cm so that it can float with a man of mass 50 kg ? 
Density of ice = 0-9 g / c.c. [Ans.1 m? ] 

37. A rubber ball of mass 10 g and having radius 2 cm is taken to a depth of 5 cm and then released. How much 
it will jump above the surface of water ? Neglect any type of friction. [ Ans. 11:75 cm] 

38. A steel ( density 7:8 g / c.c. ) cube of side 10 cm is floating vertically on the surface of mercury. Now water is 
poured over murcury so that water touches the upper i surface of the cube. What is the height of water above 
mercury ? [Ans.4:61.cm ] 

39. When a cork of mass 19 gm is combined with a piece of silver, the combination float in water fully immersed. 
It specific gravity of silver be 10-5, what the specific gravity of cork ? What will be the weight of the combination 
in a liquid of specific gravity 0-81. [Ans.025; 164gm] [L I. T.] 


40. 


41. 


42. 


43. 


45. 


1. 
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A vessel contains some mercury of sp. gr. 13:6. Above mercury there is oil of sp. gravity 0:8. A homogeneous 
sphere floats with the half of its volume in mercury and other half in the oil. Calculate the sp. gravity of the 
material of the sphere. [Ans. 72 g/ cc ] [1 E. T. '88] 
A glass sphere is coated with wax. Density of glass is 2:6 g/ c.c. and that of wax is 0:8 g / c.c. If the glass with 
wax coating floats in water fully immersed, what is the ratio of the volumes of wax and sphere. 

i à [Ans:8:1] [J.E.E. '85, W. B. H. S. '88] 
A piece of lead weighs 7-88 gm, 7-19 gm and 7:33 gm in air, water and alcohol respectively, Weight of a wood 
block in air is 13:21 gm. The piece of lead and wood block together weighs 4-87 gm in water. Calculate sp. 
gravities of lead, wood and alcohol. [ Ans. 11:42, 0:85, 0:8] 
A body flóats on a liquid with x-part. of its volume immersed. The body is released at a depth H inside the 


2ü-3H 
liquid. Show that it will reach to the surface after a time t eean 


A piece of cork of sp.gr. 0:25 and a metal piece of sp. gr. 8:0 are bound together. If the combination neither 
floats nor sinks in alcohol of sp. gr. 0:8 calculate the ratio of the masses of cork and metal. 

[ Ans. 9 : 22] [ J. E. E. '81] 
Two cylinders of same cross section and length / but made of two materials of densities p, and p, are 
connected together to form a cylinder of length 2 J, If the combination floats in water with length 1/2 above 
the surface of water, show that if p, > p, and the density of water is unity, then p, > 3/4 [ J. E. E. 1982 ] 


: L .3 3 3 
(Hints: (1A py A03) (r8 2) si^ m; E 2p X eil 


Harder numerical problems : - 
The density of a liquid in vessel is p; and that of wood block is p (p < pj). The block 
is fixed to the bottom by a rope [ Fig 4.15]. Where the system is stationary, tension is the 
string is T,. If new the vessel starts moving upword with an acceleration a, what will be 
the tension in the rope ? [Ans.T- T, (1*a/8)] 
[ N. B. If the vessel descends with an acceleration ‘a’ then T 2 T, (1- a /g)] 
The weight of steamer is 10 metric ton. When it enters from sea into a river it displaces 50 litres of water more. 
Calculate the density of sea water. ( 1 litre water — 1 kg water ) [ Ans. 1:005 gm / c.c. ] 
The density of the material of a hollow sphere of radius R is p . Show that it will be able to float in water if the 
thickness of its wall satisfies the relation E [ J. E. E. 1994 ] 


When a loaded cargo ship enters from sea into a river it sinks by x cm. When it discharge the cargoes by the 
side of the river, it sinks further by y cm. When the ship returns to sea, it rises be z cm. If the sides of the ship 


` b y 
are vertical, show that the density .of sea water is 7 yi, 


1 s 
A body floats on a liquid with 7 the of its volume above the liquid. If the body is released at a depth d inside 


6d 
the liquid show that it reaches there after a time Y E 


A body of density d; is released gently into a liquid of density d» (d > dy). Show that it will reach the 


bottom of the liquid after a time Jona Ig (a -45) 


Density of the material of a body is 8 and that of air is p. The body is balanced by metal weights of mass m. 
If the density of the metal be d, what is the actual weight of the body. Assume p << 6. : 


[ Ans. 20/053 ] 


456 A TEXT BOOK OF PHYSICS 
8. A heavy sphere made of brass is suspended by a light string. Its time period of oscillation is T. Now, the sphere 


1 
is suspended in a non-viscens liquid completely. Calculate its time period. Density of liquid is m of that of 


E 


brass. [Ans. r= 7] .[j.E. E. 1999] 


9. A body of density 12 g / cc is weighed in a common balance by brass weights of density 8 g / c.c. If the 
buoyancy due to air is neglected what is the percentage error in the measurement ? Assume density of air = 1:2 
x103 g/cc. ; [Ans. 0:005 % ] 

10. The mass of a uniform rod of length 6 m is 12 kg. Our end of the rod is hinged at a depth of 3 m from the 
surface of water. What weight be attached at the upper and so that a length of 5 m be under? [Ans . 2:33 kg ] 
[ sp. gr. of the meterial of the rod = 0-5 ] 

11. A vessel contains water and over the water there is some liquid of density 0*6 g / c.c. A cube of side 10 cm 
floats at the interface such that its upper surface in completely under the liquid. 2 cm depth of the cube is 
under water. What is the mass of the cube ? [ Ans. 840 gm ] 


: 1 
12. A body floats on a liquid with x of its volume above the liquid. If the body a released within the liquid what ` 
will be its upward accelerate ? If it is released at a depth of 9:8 m, after what time, it reaches the surface of the 
liquid ? . [Ans. g/3; 6 sec] 
13. The area of cross section of a cylindrical vessel in œ. Some water is poured in the vessel and a piece of ice floats 


1 
on the water. A piece of lead is embedded in the ice. Total volume of ice and lead is V and 29. of its volume 


is above water. When the ice melts completely, what will be the fall of level of water in the vessel ? 


v 
[ Ans. 0-0495. — ] 


[7 

14. A hollow cube of side 25 cnris floating half immersed in water. When a piece of lead is attached at the bottom 
of the cube it sinks furthér by 1-6 cm. Calculate the mass of lead. Given sp. gravity of lead = 11:5 

s [ Ans. 1095:2 cm ] [ J. E. EJ 

15. Two cylinders A and B of equal volume are made of different meterials. Cylinder A floats in a liquid half. 

immersed. When the cylinder B is placed over A, the combination floats fully immersed. Compare the densities 

of liquid and the cylinders A and B. [ Ans. 1:3:2] [ J. E. E. '75] 


16. A cylindrical vessel of area of cross section 4-95 cm? is full of water. A piece of ice with an embedded lead ball 


1 
is floating on water. Volume of ice with lead ball is 100 c.c a th part of its volume is above water. When the 


ice melts completely what is the change in level of water ? sp. gr. of ice = 0:9 and of lead = 11-0 


[ Ans. 1 cm fall ] 
17. A rubber ball of mass ‘m’ and radius ‘R’ is released at a depth ‘h’ under water. How much will it jump above 


water ? Neglect friction. [Ans. x- E mR p- 2 h] 
3 


18. The density of the material of the body is 0:76 gm / c.c and its weighs 40 gm in air. 
Density of the material of the weights = 8:4 g / c.c and density of air = 1:203 g / 
litre. What is the actual mass of the body ? [ Ans. 40:092 gm ] 

19. A wooden plank of length 1 m and uniform cross section is hinged at one end to the 
bottom of a tank as shown in Fig. 4.16. The tank is filled with water upto a height of 
0:5 m. The sp. gr. of the plank is 0:5. Find the angle 0 that. the plank makes with 

. the vertical in the equilibrium position. [ Ans. 0 =45°] [I I. T. '84] ; Fig. 4-16 


ATMOSPHERIC PRESSURE 


TOPICS : Earth's atmosphere; Atmospheric pressure; Torricelli's experiment; the 
magnitude of atmospheric prssure; Normal Atmospheric pressure; Height of homogeneous 
atmosphere; Measurement of atmospheric pressure; Uses of Barometers; Measurement of 
pressure of confined volume of air : Manometer; Pressure law of atmosphere; Siphon; 
Examples. 


5.1. Earth's Atmosphere : 

The spherical earth is covered with a layer of air which extends upto several kilometer above the 
earth’s surface. We and everything else on the surface of the earth are submerged in an ocean of air. The 
gaseous envelope of the earth is called the atmosphere. The atmospheric air without which we can not 
survive is really a mixture of several gases. Main constituents of air are nitrogen and oxygen. By volume 
air contains 77% nitrogen and 21% oxygen. Rest 2% by volume contains carbon-di- oxide, water vapour, 
hydrogen, ozone and inert gases ( helium, neon, krypton, xenon). It is not possible to state precisely the 
height of the atmosphere. It is assumed that air is extended upto 1600 km. But its existance is felt only 
upto 400 km. 

Density of air is maximum at sea level and it thins out with height gradually and finally fades away in 
the interstellar space. 


5.2. Atmospheric pressure : 

‘Atmosphere is an example of gaseous mass held in equilibrium under gravity without a container. 
Like liquids, gases also exerts pressure due to its weight. The atmosphere exerts a hydrostatic pressure on 
all bodies immersed in it. This pressure is called atmospheric 


pressure, 76:0 


are H 
Definition : Atmospheric pressure is equal to the weight SEE 


ofa column of air contained in an imaginary vertical cylinder 
of unit cross section extending upto the top of the atmosphere. 38-0 


Let at any place h is the height of such a vertical air cylinder, 
p be the average density of air in the cylinder and g be the 


acceleration due to gravity. Then the atmospheric pressure at the : 
place isP=hpg.... (5.1) iS) — > Height (Km) 
Fig. 5-1 
Evidently, pressure is maximum on the surface of the earth £ 


and it diminishes with height above earth’s surface. The variation of atmospheric pressure with height is 
shown in fig ( 5.1). - 

It is found from the experiment that atmosphere exerts normal force of 1 kg-wtor9:8N on 1 cm? area 
on earth's surface. Now, the surface area of average human being is about 2m. So the total force exerted 
over his body by the atmosphere = atmospheric pressure x area = 9:8 x 2 x 10 4. = 2x 105 N. We do 
not feel this enormous force. This is due to the fact that the blood in the cells of our body and bodies of 
all other organisms exerts an equal pressure. 
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In the following table we see the value of atmospheric pressure at different heights : 
Height from sea level ( km) ] Average atmospheric pressure cm Hg 
0 76:0 
0:30 . 134 
0:60 70:6 
0:90 69:0 
1:20 65:5 
1:80 61:0 
3:00 52:1 
6:00 35:1 
9-00 E 226 


5.3. Torricelli’s experiment. 


Fig. 5:2 


More then 350 years ago Italian physicist Torricelli proved the existence of 
atmospheric pressure and set up an apparatus to measure this pressure. He invented 
barometer which is a device for measuring atmospheric pressure efficiently. The 
simple barometer consists of a uniform glass tube of 1 m long and closed at one end. 
It is then inverted into a dish of mercury [ Fig 5.2 ]. The mercury in the tube comes 
down to a height about 76 cm above the mercury in the vessel at sea levels. This 
height is the same regardless of the diameter of the tube or the length of the vacuum 
space at the top. The murcury column does not fall further because of atmospheric 
pressure. 

The mercury column. tends to fall due to its own weight. At the 
same time atmosphere exerts pressure on the surface of mercury in 
the vessel. This downward pressure is transmitted through mercury 


and acts vertically upward on the mercury column in the tube [ Fig 5.3 ]. The condition 
„Of balance is : pressure exerted by the atmosphere = hydrostatic pressure exerted by the 
column of liquid. It means that atmospheric pressure is equal to the pressure exerted by 
auniform column of mercury of height about 76 cm. If water is used instead of mercury, 
the length of water column will be 76 x 13-6 cm or 34 ft. 


€ Some facts about Torricelli's experiment : 

(i), The space above mercury is free of air. This space is known as Torricellian 
vaccum. Actually the space is not completely. free. It contains a little mercury vapour 
whose pressure is negligible. 


z the tube does not change. 
Fig. 5:4 


Fig. 53 


(ii) If the glass tube is gradually tilted with the open end always 
inside mercury of the vessel, the mercury gradually advances towards 
the closed end of the tube. The length of the torricellian space decreases. 
But the vertical height of the mercury column does not change [ Fig 
5.4 J. This occurs because only the vertical height of the mercury 
column provides the measure of atmospheric pressure. 


(ii) If the tube is further dipped in the liquid. The length of the 
torricellian space decreases. But the length of the mercury column in 


On the other hand, if the tube is raised vertically keeping the open 


end always in the mercury of the vessel, the length of the torricullian space increases. The length of the 


mercury column in the tube remains same. 
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(iv) Height of the mercury column does not depend on the area-of cross section of the tube. This is so 
because pressure being force per unit area does not depend on area. í 

(v) Ifa hole is made at the middle of the tube, the mercury column below the hole drops down. But 
the mercury column above the hole remains in position supported by the atmospheric pressure. 

(vi) If Torricelli's experiment is performed at high attitude ( say, at the top of a mountain ) the height 
of mercury column will be smaller than at sea level. It means that atmospheric pressure decreases with 
altitude. 


5.4. The magnitude of atmospheric pressure : 

From Torricelli’s experiment we know that atmospheric pressure is nearly equal to the pressure exerted 
by a uniform column of mercury of height 76 cm. Hence the measurement of pressure is P= h pg. Here 
p = density of mercury and h = vertical height of mercury column. 

G) In C. G. S. system, p= 136g/c.c, h - 76 cm and g = 980 cm/s? 

*, P= 76 x 13°6 x 980 = 1:013 x 10 © dyne / cm? 
(ii) In S. I. system, p = 13600 kg / m3, h = 076 m, g = 9-8 m/s? 
^ P2076 x 13600 x 98:5 1013 x 10° N/m? 


5.5. Normal atmospheric pressure : : 

The atmospheric pressure at a particular place does not remain constant. It may be due to (i) amount 
of water vapour in air may change. (ii) variation of temperature and (iii) change of height from sea level. 
Hence it is necessary to define a standard value for atmospheric pressure. 

Definition : The standard or normal atmospheric. pressure is defined to be the hydrostatic pressure 
exerted by a uniform column of mercury of height 76 cm at 0°C at 45° latitude and at sea level. 

Now, acceleration due to gravity at 45° latitude at sea level is 980:6 cm /s? and density of mercury at 
0°C is 13:596 gm / c.c. 

. Normal atmospheric pressure Py = 75 x 13:596 x 980:6 
= 1:013 x 10° dyne / cm? 
= 1-013 x 10° N/m? 
Meteorologists usually express atmospheric pressure in terms of bar and milibar. 
1 bar = 106 dyne / cm? and 1 milibar = 10? dyne / cm? 
*. Atmospheric pressure, Py = 1:013 bar = 1013 milibar. 
Another unit of air pressure is Torr. 1 Torr is equal the pressure of 1 mm Hg. 
*. 1 Torr = 1 mm Hg pressure = 01 x 13:6 x 980 = 1332:8 dyne / cm? 


= 133-28 N / m? = 13328 P, 


5.6. Height of homogeneous atmosphere : 

We know that atmospheric pressure is given by Pp = h p g. Now, it is very difficult to say upto what 
height air is extended and also density of air is not constant. Air density decreases with height. 

If we assume the atmosphere to be homogeneous, so that its density is same everywhere being equal 
to the density of air at normal temperature and pressure ( i.e 1:293 gm ( litre) then, we can calculate 
height of the atmosphere assuming the pressure to be 76 cm of Hg. This is called height of homogeneous 
atmosphere. 

Here the height of a uniform column of air at N. T. P. which would exert the same pressure as the 
standard atmosphere is known as the height of homogenous atmosphere. 
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Let the height of homogeneous atmosphere be H and density of mercury 13:6 g/ c.c. Then 


Hx1-293x10? x g=76x13-6xg 


MH 


76x13-6 


1-293 x 10? 


cm=8-01 km 


5.7. Measurement of atmospheric pressure : 
We measure atmospheric pressure by barometer. We shall discuss two type of barometer. 


[AT 
T 


Fig. 5.5 


disadvantage is that it can not be easily taken from one place to 


another. 


Aneroid barometer is a different type of instrument. It does 


Barometer 


(A) Fortin's Barometer and (B) Aneroid Barometer. 
(A) Fortin's Barometer : It is an improvement of 


Torricelli's simple barometer. Fortin barometer is same as simple 


barometer provided with some improved method of height, 
measurement. It acts on the principle of Torriceli's experiment. 


Description : It consists of a one metre long glass tube of 
uniform cross section. It is filled with pure and dry mercury and 
kept inverted over a cistérn of mercury called the reservoir (D) [ 
Fig 5.5 ]. The bottom of the reservoir is made of chamois leather 
to make it flexible. The screw E presses against the leather by 
turning the screw the mercury level in the reservoir can be raised 
or lowered. An ivory pin (c) is attached to the lid of the reservoir. 
To ? obscure the pin and level of mercury, the upper part of the 
reservoir is made of glass. The barometer tube and the reservoir 
are enclosed Q in a metal tube T for safety. A wide vertical slit 
is made so that upper level of mercury column can be seen. 
Linear scale F is engraved on the metal tube on the side of the 
slit. A vernier scale G can be moved up and down in the slit by 
a knob. H — of the rack and pinion arrangement. The zero of 
the main scale coincide with the tip of the pin C. 


To read the barometer : The instrument is placed in a 
vertical position and the screw E is turned until the level of 
mercury in the reservoir just touches the ivory pointer C. Now 
the level of mercury coincides with the zero of the main scale. 
The position of the vernier is adjusted until its lower edge just 
touches the upper surface of mercury in the tube. Next the main 
scale and vernier scale reading are taken. It gives the barometer 
height. 


(B) Aneroid Barometer : Fortin's barometer is a very 
Height 


accurate instrument for 
measuring atmospheric 
pressure. But its one. 


not require any liquid for its working ( aneroid means without 
liquid). It is more compact than a mercury barometer, is portable 
and can be used in any position. It can also be used as an 
altimeter. 
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The construction of an aneroid barometer is shown in fig 5.6. It consists of a partially evacuated metal 
box with a flexible corrugated top. A stiff spring S pulls the cover upwards and prevents it from being 
collapsed. 

The free end of the spring s is connected to a lever L which has its fulcrum at F, The other end ofL 
is connected to a small chain. A which is wrapped round G spindle N carrying pointer P which moves 
over a dial. The movement of the corrugated top due to changed in the atmospheric pressure is magnified 
by the lever L and transmitted to the pointer P. The dial of an aneroid barometer is celibrated by comparison 
with a standard mercury barometer. ‘ 

With the increase of atmospheric pressure, the cover B goes down resulting in upward movement of 
the end E of the lower system. The spring S, draws the able A turning the pointer to the right when the 
pressure decrease the reverse takes place. 


€ NUMERICAL PROBLEMS e 


Example 5.1: The air pressure of a confined space is 2-5 Torr. What is the magnitude of the 
pressure in SI system ? 

Solution : We know that 1 Torr - 1 mm Hg 

* 2:5 Torr = 25 mm Hg = 2:5 x, 13328 N/m? = 3332N / m? 

Ex. 5.2 : The height of water barometer is 10 m. Calculate the height of glycerine barometer at 
the place ( sp. gr of glycerine is 1:25 ) 

Solution : Let the height of glycerine column = 4 metre 

10 
hxl25xgz-10x1xg wur aam 

Ex. 5.3 : A barometer is inclined at 30° with the vertical. If the 
atmospheric pressure be 75 cm Hg, calculate the length of the mercury 
column in the barometer. 

Solution : Let the length.of mercury column in the barometer be x cm [ Fig 
27] 


Ene 75x2 
—=cos30 «x= = 88-2 cm 
x TEE 


Fig. 5:7 


5.8. Uses of barometers : 

We know that weather at a place changes due to different reasons. It is very difficult to forecast the 
weather accurately. Since weather condition at a place at a given time governs the atmospheric pressure, 
by recording the atmosphric pressure we can forecast the weather at a place. Also we can determine the 
height at a place by the barometer. 

(i) Weather forecasting : The atmospheric pressure at a place is found to very with time. This 
pressure depends on density of air in the locality. Air pressure increases when its density increases. Reverse 
is the case when density decreases. 

If the moisture content in atmosphere changes, density of air also changes. Now density of water 
vapour is less than that of dry air. So an increase in the moisture content of air decreases the density and 
hence the pressure of air. : 1 

(a) A slow fall of the barometer height indicates gradual increase of the moisture content of air and 
hence the possibilities of rain. 

(b) If the atmospheric pressure at a place decreases suddenly, air from surrounding high pressure 
areas rushes in. It results storm or cyclone. Thus a sudden fall of barometric height forecasts the possibility 
storm or cyclone. : 
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(c) On the other hand, a slow rise in barometer height indicates fall in moisture content in air and 
predicts a stable fine weather. Also, a rapid rise of barometric height forecasts a temporarily good weather. 
(ii) Determination of altitude : As we go up above the earth's surface, air pressure decreases. If two 
places are at different heights, there will be a difference in atmospheric pressure at the two places. By 
measuring the difference of pressure by barometer, we can determine the difference in their altitudes. 
Let the barometer reading at a place on the earth's surface be h, cm Hg and the reading at height 
H cm from the earth's surface be h, cm of Hg. 
*. Pressure of H cm of air column = The pressure of ( h, — hy) cm of mercury column. 
. Hdg=(h -ħ)pg[ d = density of air, p = density of mercury ] 
"ECL E 
Example xal A barometer reads 75 cm and 76 em at the bottom and top of a mountain. If 
density of mercury be 13-6 g / c.c and density of air 1-293 x 10^? g/c.c, calculate the height of the 
mountain. 


By this relation we can-determine the attitude of a place. 


(hy - h;)p _ (16-75) x13-6 | 


Solution: H= 
d 1-293 107 


H = 105-2 m. 


5.9. Measurement of pressure of confined volume of air : Manometer : 
Pressure exerted by a confined volume of air or any gas in measured by an instrument called 
manometer. This instrument is also known as pressure gauge. Here we consider two types of manometer. 
(i) Open tube manometer 
(ii) Closed tube manometer. 


(i) Open tube manometer : This type of manometer 
is used to measure a pressure which differs from the 
atmospheric pressure by a small amount. 

This manometer consists of a U-tube open at both 
ends. It contains coloured water or mercury [ Fig 5.8 ] 
one end of the tube is connected to the vessel containing 
air or a gas and the other. end is open to atmosphere. 

Fig. 5:8 First, we assume that the pressure P of the confined 
air is greater than atmospheric pressure P,. In this case 
liquid will rise to a greater height in the open limb [ Fig 5.8 (i) ]. So in this case 

P=Pyt+hpglh= Difference of height of liquid column in the tube limbs, p = density of manometric 
liquid ] 

On the other hand, if the pressure of air in the vessel is less than atmospheric pressure (P < Po), 
liquid in the closed limb rises to a greater height [ Fig 5.8 (ii) ]. Now the pressure of air in the vessel is 
given by P= Po- Ap 8g 

The quantity ( P — Po ) is called gauge pressure. 


(ii) Closed tube manometer : Thin type of manometer is used when 
the pressure of air in the vessel is small. Here one end of the U- tube is 
seated and the space above the manometric liquid in that limb is evacuated. 
The other end of the tube is connected to the vessel. 

Let the difference in height between the two liquid columns in the two 
limbs. Then the pressure of air in the vessel is P = h p g. Here p = density 
of manometric liquid. 
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5.10. Pressure law. of atmosphere : 
Air pressure diminishes with height. In Art. 5.2 we have seen how the pressure changes with height. 


This fall can be deduced from the pressure law of atmosphere. It can be 
established if we assume Boyles' law to hold good i.e. temperature throughout id 
remains constant. dh 
We consider a small air cylinder at a height h from the earth’s surface. 1l P 
[Fig 5.10 ] and A is its area of cross section. If p be the density at this lavel, 
then the mass of the air contained in the cylinder is dm = A p dh. The i 
upward pressure at the lower level is p and the downward pressure on the mI m 
upper surface is p + dp. Fig. 5.10 


As the air cylinder is at rest, the net force in the vertical direction must be zero. Hence 
PA = ( p + dp) A + wt of the air cylinder = ( p + dp ) A + A p. g. dh 


^ dpe-pagdh.. mansis .) 
The minus sign shows that pressure decreases with increase of elevation. 


Now, the density of fluid is proportional to pressure ~. p=KP [ K = Constant ] 


dP--KPgdh .. SE--Kadi 
Integrating we get, log, P =- Kgh +C [ C = Constant of integration] 
Now, at the ground level, 4-0, P=Po(say) ~.  log,Po-C 
log, P=—Kgh+log,P) ©. P= Pye Ke! 
So, the atmosphric pressure decreases with elevation. 


5.11. Siphon : 

Siphon is an arrangement by which liquid can be transferred from one vessel to another vessel at 
lower level without disturbing the liquid. The action of the siphon depends on the atmospheric pressure. 
Siphon can transfer liquid from higher level to lower level and not in the reverse direction. 

Description : In its simplest form a siphon consists of an inverted U - 

B c tube of unequal limbs, completely filled with liquid. The shorter arm dips 

into the liquid to be transferred, the longer arm is put in the vessel at lower 
lavel with respect to the liquid to the transferred. 

Action of Siphon : To start the siphon, it is filled will the liquid to be 
transferred. To understand the working of siphon we consider two point B 
and C on the same horizontal place of the siphon. Let P; be the atmospheric 
pressure. Height of the point B above the level of liquid in the upper vessel 
in hy. The length of the arm CD is h; p is the density of the liquid. 

Now, pressure at the point B, P, — atmospheric pressure — Pressure of 
liquid column AB 

SOBpmPo-ApPRRESeeee e i mee .) 
and pressure at the point C, P, = atmospheric pressure — Pressure of liquid column CD 


Fig. 5:11 


^ P,-Po-hpg gae Tre clonic PLE QUU. NISET VY ro ree LA EAR 
From (i) and (ii), Pj +h p8 = Pot hy Ps : 


P =P, +(hy—hy) P8 
As h,»h, P,» Pz i.e. pressure at B is greater than pressure at C. Hence the liquid flows from 


B to C. Liquid flows continuously until h, = hy. 
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The cross section of the tube need not be uniform for the proper working of the siphon because its 
working depends on an pressure which in the force per unit area. 
Conditions for working of a siphon : From the discussion of working of siphon, we can write down 
the following conditions for the working of siphon. 
` G) Siphon must be filled up with the liquid to be transferred. 
(ii) The vertical height (h,) of the shorter limb above the liquid surface should not be greater than 
the barometric height for the liquid used. 

(iii) The height h, be greater than hy. 

(iv) Siphon does not work in vacuum. Because, the absence of atmospheric pressure there is no 
force for pushing the liquid up the tube. 

What happens if a hole is made on any arm of a siphone ? If the hole is made any where in the 

. shorter arm dipped in the reservoir of liquid to be transferred, the siphonic action ceases; for pressure 
inside equals that outside. But it does not stop once started, if a hole is made on the longer arm. 

Rate of flow : The rate of flow of liquid through the siphon depends on the pressure difference 
between the points B and C. This difference is P’ = (Po — pg) - (Po — opa) = (hi — ^) pa 

This is independent of the atmospheric pressure. So, the rate of flow of liquid through a siphon does 
not depend on the atmospheric pressure. 

Uses : (i) It is used to transfer liquid from one vessel to another easily when it not desirable to 
disturb the whole volume of liquid. 

(ii) The principle of siphon is applied in automatic flushes often fitted in lattrines. 

Example 5.5 : Kerosine of sp. gr 0:8 has to be brought over an obstacle by the action of siphon. 
What should be the minimum height of the obstacle for this purpose. Atmospheric pressure = 76 
cm of Hg. [ W. B. H. S. '86, '88] 

Solution : Let H cm be the required maximum height of kerosine. Then the hydrostatic pressure of 
kerosene column of height H gm will be equal to the atmospheric pressure. 

Hx0:8xg=76x 13-6xg 
pm. 1292 cm- 12.92 m 

Ex. 5.6 : A cylinder 1 m long and area of cross section 30 sq, cm has mercury upto 85 cm. What 
volume of mercury can be siphoned out ? Atmospheric pressure = 75:0 cm of Hg. 

Solution : The level of mercury in the tube must fall off 75 cm below the edge cylinder for the 
siphoning to stop. So, it will fall by 60 cm when the level of mercury below the edge will be just 75 cm. 

So, the volume of mercury siphoned = 60 cm x 30 sq. cm = 1800 cic = 1-8 litre. 


ORT ANSWER TYPE QUESTIONS ( With answers 


Q. 1. A barometer is kept in a air tight vessel. If the air in the vessel.is gradually exhausted 
what will happen ? 

Ans. The mercury height in the barometer gradually fall. When the air is completely exhausted all 
the mercury will fall in the vessel. Height of mercury in the tube will became zero. 

Explanation : Atmospheric pressure keeps the mercury column erect. Atmospheric pressure is equal 
to the pressure due to the mercury column. If the air in.the vessel is gradually removed, air pressure 
inside the vessel gradually decreases. As a result, height of mercury column in the barometer also 


decreases. When all air is removed, air pressure reduces to zero. Height of mercury column also becomes 
zero. 3 
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Q. 2. Will the barometer reading change if the barometer tube be wide or narrow ? 

Ans. Barometer reading will not change in such a case. 

Reason : The pressure of mercury column in the barometer does not depend an area of cross section 
of the tube, because pressure in the force per unit area. If ‘A’ be the area of cross section of the barometer, 
‘h’ be the height of mercury column, *p' be the density of mercury then weight of the mercury column, 
W=Ahpg 


W 
*. Pressure of mercury column, x E hpg . Atmospheric pressure Py =hp g 


Evidently, pressure does not depend on area of cross section the tube. Hence the pressure will not 
change if the tube be wide or narrow. 

Q. 3. How will the reading of a mercury barometer, placed inside a lift, change if the lift starts 
morning downwards with a given acceleration ? Give reason for your answer. [ J. E. E. 1996 ] 

Ans. When a lift moves down with an acceleration, the reading of the barometer placed inside the 
lift will increase. 

Explanation : If the downward acceleration of the lift be ‘a’, then the effective acceleration due to 
gravity is g°=(g-a). 

Since atmospheric pressure does not change, we write Hp g = H’ pg =H’ p(g-a) 

Here H = actual reading of the barometer, H’ = changed reading of the barometer in the lift. 


=l 
H 1 
H= WEE cai E 
1-a/g ( d ( A PEASEI 


*. Increase of barometer reading, H — H’ = H a/g 
€ N.B. If the lift with the barometer goes up, the reading of the barometer will decrease. 


Q. 4. How can you be sure that then is no air in the Torricellian space ? 

Ans. To test whether the space above mercury in a barometer contains air or not, the barometer from 
its usual vertical positive is gradually tilted with the open end always remaining immersed in mercury. 

As the barometer is gradually inclined, mercury rises along the tube towards its closed end, when it 
is tilted sufficiently, if the mercury touches the closed end then it will be inferred that there in no air in 
the torricellian space 

On the other hand, after sufficient tilting if the mercury does not touch the closed end, it will be 
inferred that there is some air in the space above mercury in the barometer. 

Q. 5. A faulty barometer contains some air above the mercury column. How can you determine 
the atmospheric pressure accurately by this barometer ? 

Ans. First, we determine the length of the mercury column and 
length of air column. Let these quantities be h, and /, [ Fig 5.12 (a) ]. 
Let the tube is slightly raised [ Fig 5.12 (b) ]. Now the length of the 
mercury column is h, and length of air column is l. 

If the atmospheric pressure be H and area of cross section of the 
tube be A, then 
hh -hh 

l-h 
From this relation atmospheric pressure can be determined-accurately. 


Phy (1)—30 


(H-A)RnA-(H-A)bA < H= 
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Q. 6. Will the siphon act in the surface of the moon ? 

Ans. Siphon will act on the surface of the moon. : 

Reason : Action of the siphon depends on atmospheric pressure. It can not work in vaccum, Now, 
there is no atmosphere on the surface of the moon. No question of air pressure on the moon. For this 
reason, siphon does not work on the surface of the moon. 


* MISCELLANEOUS EXAMPLE € , 


Example 5.7 : How high does a mercury barometer stand on a day when the atmospheric 
pressure is 98:6 k pa ? [ J. E. E. 1996 ] 

Solution : Atmospheric pressure, p = 98:6 k pa 

n P=986x 10? N/m? 

If Ji be the barometric height then, # «d LEA z 79 74m 74cm. 

Ex. 5.8 : At the bottom and top of a high building a barometer reads 76 cm and 75 cm 
respectively. If the average density of air be 12°77 x 10 73g / c.c. what is the height of the building? 
Density of mercury = 13°6 g / c.c. 

Solution : Let height of the building be A cm. 

^, Pressure exerted by h cm air column = difference of pressure at the bottom at the top of the 

building j 
hpg(76-75) s lcmof Hg. +. hx 1277x 10 21x 136 


136x104 1 

^ 7 1.07 x 10°cm= 107m. 

Ex. 5.9 : When a true barometer reads 72:39 cm and 78:74 cm, a faulty barometer reads 71:12 
cm and 76:20 cm respectively. When the true barometer reads 73-66 cm, what will be the reading 
of the faulty barometer ? [ J. E. E. ] 

Solution : Let the length of the tube above mercury level in the vessel be / cm. 

In the case of the faulty barometer when the faulty barometer reads 71:12 cm, volume of air above 
mercury. Vi = A (1-71-12) c.c. and pressure of the air P, = 7239 - 71:12 = 1:27 cm Hg 

[ A = area of cross section of the tube] 

Again, when the faulty barometer reads 76:20 em, the volume of air above mercury, 

V, =A CI - 7620 ) c.c. and its pressure, P5 = 7874 - 76:20 = 2:54 cm 

Now, P,V, = P, V; 

* A(T- 712) x 122 =A (1- 762) x 2554 

. 1271 = 103226 ~. 12 81:28 cm. 

Finally, let reading of the true barometer be P when the faulty barometer reads 73:66 cm. 

*. Volume of air above mercury, V = A ( 81-28 - 73:66 ) = 162A c.c 

and its pressure, P’ = ( P - 73:66 ) cm Hg 

A(P- 7366) x 762A =A (81-28 - 712) x 1:27 = 1290A 
12.90 
7.62 
Ex. 5.10 : A barometer reads ,5 cm. Now 3 c.c. of air at atmospheric pressure is introduced in 
the space above mercury. The barometer reads 65 cm and length of the air column is 15 cm. What 
is the area of cross section of the tube ? 


P= 


* 73:66 = 75-35cm Hg, 
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Solution : Let a cm? be the area of cross section of the tube, initial volume of air, V,* 3 c.c and its 
pressure = 75 cm Hg 

Volume of this air above mercury in the tubes, V} = 15 A cc 

and its pressure P} = 75 — 65 = 10 cm Hg 

Now, from Boyle's law : P,V, = P V» 

75x 38 10x ISA Aw IScm? | 


Ex, 5.11 : A certain amount of air in enclosed is a narrow tube 

closed at one end by a mercury column. When the tube is held in the 

vertical position with closed end upwards, the length of the air column p 

is I, em. But when the open end is in the upward position, the length of / l, 

the closed air column is 1, em. If the length of the mercury column be // 
h cm, calculate atmospheric pressure. 

Solution : Let the atmospheric pressure be Py. When the closed end (i) (ii) 
upwards pressure on the confined air is P, = ( Py ~ A ) em Hg and its Fig sn 
volume V, = 1, A cc : 

Hence A = area of cross section of the tube. 

Again, when the open end upwards, pressure of the confined air is P, = (Py +h) om Hg 

and its volume V} = l, A cc, Now by Boyle's law : P,V, = P V; 


(Pg — A) lj A = (Po + A) l3 ^ 
liL 
lodi 
viet) 
Exercise 5.12. A mercury thread of length 10 cm is at the middle of a one metre long horizontal 
tube closed at both ends, At both sides of the mercury thread pressure of enclosed air is 76 cm Hg. If the 


tube is hold in the vertical position, what will be the shift of the mercury thread. [LL T. 78] 
Solution : Let the mercury thread is displaced by x cm in the vertical position, By Boyle's law 
| i 45x 76 
casey © Are IRI RET sss 
10 cm b 
GUT A 10 cm also, P, (45+ x) = (Pj + 10) (4$— x) = 2x Py = 10 (45-1) 
45cm 45 cm A5x 76 
(45- x) Sox P n$(45-x) (5:8)-ses- 
pees (b) 50 x^ 6840445)? = 0, ao 2-9Sem 
4 
" ^. Shift of the mercury thread = 2.95 cm. 


Ex. 5.13 : A bottle of volume 800 c.c. is closed at one end is gradually dipped under water with 
the open end downwards, The bottle is taken to a depth when 300 c.c. of water enters into the 
bottle. Calculate the depth upto which bottle is immersed. Atmospheric pressure = 76 cm Hg and 
sp. gr. of mercury = 136 y 

Solution : Let the bottle is taken to a depth of A cm. Then from Boyles law : 


800 x 76= (76+) $00 
13-6 


& h 23x76 — -h2620-16cm 
13:6 
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A. Short answer type questions : 


1. What is atmosphere ? What is meant by atmospheric pressure ? 

2, What is normal atmospheric pressure ? Mention its value in S. I. system. 

3. How can you measure atmospheric pressure by a barometer ? à 

4. What Torricelle's Vacuum ? 

5. How can test whether the Torricellian space contains air or not 7 

6. Will the barometer reading change if the barometer tube is made wide ? 

7. If the barometer reading fall suddenly what will be the forecast for the weather ? 

8. What will be weather forecast if the barometer reading falls slowly ? 

9, What is Torricellian vacuum ? Is it actually vacuum ? If some air is present in that space, how will you confirm 
the existance of this air. f : [ W. B. H. S. 1997 ] 

10. What is meant by ‘Normal atmospheric pressure is 76 cm of Hg ?' 

11. (a) What is 1 Torr pressure ? What is its value in Pa unit ? E. Su 
(b) What is meant by normal atmospheric pressure ? obtain its value in c.g.s and bar unit, [W. B. H. S. 2000] 

12. Sp. gr. of glycerine is 1-251, Calculate the height of glycerine barometer. 

13.. (a) How:can you determine the height by barometer ? ..[ W. B. H. S. '88, '93] 
(b) Why a thermometer is kept attached with a barometer ? 

14, What is a siphon ? Mention the conditions of working of a siphon. 

15. Explain whether a siphon will work on the surface of the moon. [ J. E. E "90, W. B. H. S. '98] 

16, Why siphon does nqt work in vacuum ? [ W. B. H. S. 2000 ] 

17. If the atmospheric pressure changes, will the rate of flow of liquid through siphon change ? 

' | W. B. H. S. 1998 | 

18. Water accumulates at the bottom of a boat floating on a river. Can this water be siphoned to the river ? 

19. In a faulty barometer there is some air above mercury. How can you determine atmospheric pressure accurately 
by this barometer ? 

20. Atmospheric pressure in 75 cm Hg. If the barometer tube is inclined at 30*, what will be the length of the 
mercury column in the barometer ? 

21. What is manometer ? Where is it used ? 

22. When we use open tube manometer ? write the expression for the pressure. 

23. When do we use closed tube manometer ? 

24. What is Torricellian vacuum ? What are the advantages of using mercury in a barometer. [ W. B. H. S. 2003 | 


.B. Essay type questions : 


1. How the height of a place be determined by a barometer ? [ W. B. H. S. 2003] 
2. (a) What is atmosphere ? What are the main constitution of air ? At what percent by volume they are present 
in air ? 


(b) Explain normal atmospheric pressure in 'bar' and Pascal unit. 
(c) Describe Torricelli’s experiment ? How can the atmospheric pressure be determined by it. 
3. (a) What is a siphon ? Explain its principle of action. Why a siphon do not work in vacuum ? 
[ W. B. H. S. 2003 ] 
(b) What is normal atmospheric pressure ? Calculate its value in C. G. S. and bar uni. [ W. B. H. S. 2000] 
4. How can you determine the height of a mountain is average density of air is known ? 
5. What is aneroid barometer ? Describe and explain the use of a aneroid barometer. 
: 6. Describe Torricelli's experiment for measuring atmospheric pressure. [ W. B. H. S. 2001] 


C. Simple numerical problems : 


1. A water bubble is formed 238 ft under water with a diameter of 1 mm. When the bubble reaches the surface, 
what will its diameter ? The height of water barometer = 34 ft . [Ans : 2 mm ] [ J. E. E. 2000 J 
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2. The reading of a barometer kept in a stationary lift is A em. If the lift starts moving upwards with an acceleration 


3 


7. 


12. 


14. 


15, 


17. 


z I$ 
nis : What will be the reading of the barometer ? [Ans: qg hem] 


In question 2 if the lift starts moving downward with the same acceleration of S , what will be the reading of 


16 
the barometer ? (Ans: ^, hem] 


.. A bottle of volume 800 c.c. is closed at one end. It is gradually dipped under water with the open end downwards. 


To what depth, it should be taken so that 300 c.c. of water enters into the battle ? Atmosphere pressure = 76 cm 
Hg and sp.gr. of mercury 13:6. [ Ans: 62016 cm ] 
The area of cross section of a barometer is | cm? and the length of the torricellian space in 6 cm. When some 
air is introduced in the space, the height of the mercury column drops to 65 cm from 75 cm. Calculate the 
volume of air introduced in the torricellian space at normal atmospheric pressure. [Ans : 2:13 cc. ] 


. When a true barometer reads 28:5 inches and 31 inches, a faulty barometer reeds 28 inches and 30 inches. What 


is the true barometric height when the faulty barometer reads 29 inches. 

( Ans : 2977 inches ] [ W. B. H. S. 2003 | 
The length of mercury column in a barometer is 75 cm and the length of the torricellian space is 10 em, when 
1 ce. air at atmospheric pressure is introduced in the torricellian space. Calculate the fall of mercury column in 
the tube. [ Ans : 5 em] 


. "There is some air in the Torricellian space of a faulty barometer. When a true barometer reads 74:5 cm and 76 


cm, the faulty barometer reads 74 cm and 75 cm. When the faulty barometer reads 73 cm what will be the 
reading of the true barometer ? { Ans : 73:33 cm | 


. A barometer kept in a stationary lift reads 76 cm. If the lift now descends with an acceleration of 80 cm/ s? 


what will be the change in barometer reading ? g = 9'8 m/ s. [ Ans :6204 cm increase ] 
At sea level and at the top of a mountain a barometer reads 76 cm and 66:7 cm. If density of air be 1-24 g / lit 
and that of mercury be 13:6 g / c.c. Calculate be height of the mountain . [ Ans : 1024 m ] 
| W. B. H. S 1988 ] 

When the atmospheric pressure is 76 cm Hg, find the maximum height of the obstacle over which siphonic of 
Kerosene of sp. gr 08 will be possible. Density of mercury = 136 g / c.c. s | Ans : 1292 m ] 
^ [WW B.H. S. 1986 ] 

When a faulty barometer reads 69 cm and 72 cm, a true barometer reeds 72:4 cm and 7877 cm respectively. 
What will be the true barometer reading when the faulty barometer reads 70 cm ? [ Ans. 76:11 cm ] 


, When a barometer reads 75 cm, the length of the vacuum is 20 cm. when 10 c.c air at atmospheric pressure is 


introduced in the space, the barometer reads 45 cm. Calculate the diameter barometer tube. 
[ Ans : 08 cm ] [ J. E. E. 1995] 


A barometer is kept in a lift when the lift descends with an acceleration a ( a < g ), the barometer reading 


changes from A to h^. Show that &- A» us 


The reading of à barometer at the ground floor or a multistoreyed building is 760 mm. What will be the reading 


of the barometer at the top of the building if the height of the building be 102 m (density of air = 1-24 g / lit; 
density of mercury = 136 g / cc ). : | Ans : 75:07 em ] [ W. B. H. S. 1998 ] 
Kerosene of sp. gr. 0:8 is to be transferred from a tank of height 30 m to another vessel. Shorter arm is dipped 
the kerosene and the other arm to the vessel passing over the edge of the tank; After some time action of the 
siphon stops although the shorter arm is still dipped in the liquid what is the reason ? What is the height of rest 
of kerosene in the tank. [ Height of water barometer = 11 m ] [ Ans : 1625 em ] 
The length of the two arms of siphon are 35-0 cm and 50-0 em. ‘The radius of cross section of the tube is 2-5 cm. 
15 cm of the shorter arm is under the liquid. Calculate (i) velocity of flow of liquid through the siphon, (ii) 
volume of liquid flowing per sec g = 980 cm / 9, [ Ans : (i) 242:5 cm / s, (ii) 4759-06 c.c. ] 
A bottle whose volume is 1:45 x 10 — m? is sunk mouth downwards below the surface of water in a tank. To 
what depth it must be sunk so that 0/75 x 10 74 m? of water may run up into the bottle ? The atmosphric 
pressure = 105 N / m? and density of water = 1000 kg / m? [Ans:2m] 
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19. At what depth of a lake will a bubble of air have one-half of the volume which it will have on reaching the 


surface ? Atmospheric pressure is 0°76 m of Hg. sp. gr. of mercury 13:6 and density of water 1000 kg / m3. 
. [Ans: 1034 m ] 


D. Harder numerical problems : 


1. A glass capillary tube, sealed at both ends is 100 cm long. It lies horizontally with the middle 10 cm occupied 


a 


= 


9. 


10. 


11 


12. 


by mercury. The two ends of the tube ( which were of equal in length ) contains air at 27°C at a pressure of 76 
cm of Hg. Keeping the tube in the horizontal position, the air column at one end is now kept at 0°C and the 
other end is maintained at 127°C. Calculate the length of air column which is at 0°C and also its pressure. 
Neglect the change in volume of mercury and glass [ Ans . 365 cm; 852 cm Hg ] [ J. E. E. 2001 ] 


. A small mercury thread in a narrow tube separates some air from the surroundings. The tube can be rotated: in 


a vertical plane. In the horizontal position of the tube, the length of the air column is |, and in its vertical 
position ( air being at the highest position ), the length of the air column is l}. When the tube is inclined at 30° 
hl 
with the vertical what will be the length of the air column ? [Ans. 57 EUIS ] 
The height of mercury barometer is 76 cm at sea level and 50 cm at the top of a till. Determine the height of the 
hill. (Densities of air and mercury are 1:36 kg / m? and 13:6 x 10 ? kg / m?) [Ans : 2600 m ] 
The height of mercury barometer is 75:6 cm. The barometer tube has a cross section of 1 cm? and the volume 
of enclosed space above the mercury is 10 c.c. 1 c.c of air at atmospheric pressure is introduced into the tube. 
Find the new reading of the barometer. [Ans : 70:6 cm ] 


. The middle part of length 5 cm of a narrow tube having uniform cross section in its horizontal position, is 


occupied by a mercury thread. Its two ends of equal length is full of air at pressure P. Now, the tube is kept at 
60° with the vertical, At this position, the lengths of the air column above and below the mercury thread are 46 
cm and 44:5 cm. [Ans:P = 754 cm Hg] [I I. T. '86] 


. The length of the barometer tube is 1m and area of cross section 2 cm?, The length of the mercury is 75 cm. 


When some amount of oxygen is introduced in the space above mercury then mercury depresses by 5 cm. What 
is the mass of oxygen introduced ? Temperature of air 27°C, g 2 10m/ s?, Density of mercury = 13600 kg / m? 
and R = 83 J / mol / K. [Ans: 5:24 x 107? gm] 
An ideal gas is enclosed in the space between a mercury column and the closed end of a narrow tube. Its open 
end is upwards. The length of the mercury column and of enclosed air column are 20 cm and 43 cm respectively. 
When the tube is kept inclined at 60° with the vertical what will be the length of the air column ? Assume 
temperature to remain constant and atmospheric pressure = 76 cm Hg. [ Ans : 48 cm ] [ I. I. T. ] 
The length of a faulty barometer is 85 cm and there is some air in the space above mercury. When the atmospheric 
pressure is 76 cm and temperature 7°C, the faulty barometer reads 75 cm. At 127°C the faulty barometer reads 
73 cm, what is the true atmospheric pressure ? [ Ans : 73:90 cm Hg ] 
A barometer reads 760 mm and 750 mm at the bottom and at the top of high building. To know average air 
density apply Avogadro's hypothesis. Calculate the height of the building. Density of mercury = 13:6 g / e.c 

2 [ Ans : 107:3 m] 
The diameter of cylindrical water reservoir is 0°16 m and its height is 0-4 m. Upper lid of the reservoir is open. 
The depth of water is 0:16 m. There is a hole of radius 5 x 107? m at the bottom of the vessel. After what time 


the reservoir will be empty ? [ Ans : 86:26 sec ] [ Roorkee 90] 
Assuming temperature of the atmosphere constant, obtain the expression for variation of density with height. 
Moleculer, mass of air = M [Ans: P=Po c Mgh/RT ] 


A glass tube of length 2 m is closed at one end and it is half filled with mercury. The tube is inverted keeping 
the open end inside mercury. Calculate height of mercury in the tube. i [ Ans; 0:31 m] 
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E 
TOPICS : Surface tension : Intermolucular force; molecular range; Surface tension in 
liquids; Surface tension and surface energy; Total surface energy; Molecular theory of surface 
tension; Factors influencing surface tension of a liquid; Pressure difference across a liquid 
surface; Angle of Contant; Capillarity; Height of liquid in capillary tube; Illustration of 
capillarity; Examples. 


* 


6.1. Surface Tension : Intermolecular force : 
We now consider a liquid surface phenomenon called surface tension, we shall show that surface 
tension is due to intermolecular attraction. 
Some insects can walk on the surface of water. A drop of water 
remains suspended for sometime from a tap before falling as if some 
force were holding it there. A drop of mercury splits into a number of 
small droplets. A small steel needle placed gently on the surface of water 
in a beaker is found to float on water although its density is about eight 
times that of water [ Fig 6.1 ]. 


If we watch closely we shall see that immediately below the needle, 
water surface is slightly depressed as if there is some kind of membrane 
stretched to support the needle. It is apparent from this observation that 
free surface of a liquid acts like a very fine elastic skin or stretched w 
membrane. Fig. 6-1 

Intermolecular force : To understand the behaviour of free surface of liquid we have to have some 
idea about intermolecular forces, which keep the liquid molecules together. Now gravitational attraction 
between the molecules is too weak to hold them together. Because it has been found that the force between 
two molecules separated by 10 -!? m is of the order of 10 -!! N while the gravitational attraction between 
two liquid molecules at this separation should be of the order of 10 -50N only. In fact the molecules are 
held together by a force which is electrical in origin. So it is a case of electric interaction. 

When two molecules are closer, the charges in each are disturbed and redistributed such that average 
distance between opposite charges in two molecules is a little smaller than that between like charges. 
Thus electrical attraction wins over repulsion and gives rise to intermolecular attractive force. This force 
is effective only over short distances and so they are called short range force. These forces do not obey 
inverse sequare law. 

Types of Intermolecular force : The intermolecular forces of attraction are classified as : (1) force of 
cohesion (ii) force of adhesion. 

(i) Force of cohesion : The force of attraction between molecules of the same substance is called the 
force of cohesion. The force of cohesion decreases repidly as the distance between the molecules increases. 
The force of cohesion is maximum in solids, less in liquids and least in gases. For this reason, a solid has 
a definite shape, a liquid shows a definite free surface, while a gas has neither. 

(ii) Force of adhesion : The force of attraction between the molecules of different substances is called 
the force of adhesion. Soldering is a good example of adhesion. The molecules of the soldering material 
keep the soldered parts rigidly fixed due to existence of a strong force of adhesion. The other examples of 
adhesion are the sticking of paint to the wall, starch to the finger, chalk particles to the black board. 
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Illustration : (i) If a clean glass rod dipped in mercury is removed, mercury does not stick to the glass 
rod. The reason is : cohesive force between two molecules of mercury is greater than the adhesive force 
between a mercury molecule and a glass molecule. On the other hand, it a glass rod is dipped into water, 
some of the water sticks to the rod. The reason is : force of cohesion between two water molecules is 
quite small as compared to the force of adhesion between a water molecule and a glass molecule. 

(ii) A piece of paper sticks to ‘another due to large force of adhesion between the paper and the gum 
molecules. : 

(iii) Cement is used in construction work because of large force of adhesion between cement and 
bricks. à 


6.2. Molecular range : 

The forces of cohesion or adhesion are different from the gravitational attraction. They are effect only 
over a very short distance. The greatest distance at which molecules can attract each other is called their 
molecular range. This range is about 107 cm. It is found that intermoleculer force varis approximately 
with distance (r) as 77 7 where as the gravitational force varies as /7?; Of course, the molecular range is 
different for different molecules. Taking the position of a particular molecule as centre, if a sphere be 
imagined to be drawn with the moleculer range as radius, the sphere is called the sphere of influence. 
Obviously, the molecule, in question, will be attracted only by those molecules which lie in the sphere of 
influence. Other molecules has no effect on it. 


6.3. Surface tension of liquids : 


The free surface of a liquid behaves like a stretched rubber sheet and always tends to have minimum 
surface area. It is found that a small quantity of liquid free from any external force ( such as gravity) will 
always take the form of a spherical drop. It is because for a given volume, a sphere has the least surface 
area. It means that the surface of every liquid has a tendency to have least surface area and in this respect, 
it believes like a stretched membrane, having a tension in all direction parallel to the surface [ Fig 6.2]. 
The tension on the surface of a liquid is called surface tension. 

Imagine a line drawn on the surface of a liquid. On account of contractile 
tendency of the surface, the liquid molecules on the two opposite sides of 
the line are pulled apart from each other at right angles to the line as 
shown in fig. Rupture is prevented by the cohesive forces between the 
liquid molecules and bind them together. Hence. 

Surface tension is that property of a liquid by virtue of which its 
surface behaves like an elastic stretched membrane with a tendency to 
contract so as to occupy a minimum surface area. 

Let the length of the line drawn on the surface of a liquid is /. We find 


Fig. 6:2 ; EU i à 
45 that the pull F that acts perpendicular to this line is proportional to the 


length of the line. 
Ecl 7o RSS ME e eee ( 6.1) 


This constant T is called the surface tension of the liquid. So when / = 1, F = T, then 


The surface tension of a liquid is the tangential force acting at right angles to a line of unit 
length imagined to be drawn on the surface. 


F 
Unit of T : From the equation (6.1) , ea (6.2) 


It shows that unit of surface tension is Nm ~ in SI system and dyne cm -l in c.g.s system. 
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Dimension : As surface tension is measured as force per unit length. Its dimensional formula is 
[ MLT. Á 

An Experiment : By the following experiment we can demonstrate the existence of tension at the 
surface of a liquid. A ring of wire is dipped in a soap solution. A thin soap film will be formed in the ring 
when it is taken out of the solution. The film acts a free surface of 
a liquid. Now, a wet cotton loop is put on the film. The cotton 
loop does not assume any particular shape [ fig 6.3 (i) ]. When the 
soap film under the loop of thread is punctured with a pin, the 
portion of the film inside the loop disappears, but at the same time 
the loop assumes a circular shape [ Fig 6.3 (ii) ] What is the reason? 
The reason is : when there was soap film inside and outside the 
loop, every point of the loop experiences outward and inward UA 
forces. There forces at all points being equal and opposite, no Z 
resultant force acts on the loop due to surface contraction. Hence á ^ 
the loop did not take up any particular shape. But when the inside Fig. 6:3 
film disappears, the inward forces also disappeared. But the outside film, trying to contract, exerts outward 
pull on the loop. As a result the loop is pulled equally from all directions by the liquid and ultimately it 
takes the shape of a circle. It is to be noted that a circle has a nfaximum area for a given perimeter ; we 
therefore conclude that the thread is pulled such that the area of the film outside reduces to minimum. 

This experiment shows the existence of tension on the surface and the tendency to assume minimum 
surface area. This tension at the surface does not depend on the surface area of the liquid. 


2 


6.4. Surface tension and surface energy : T 

The layer of molecules at the surface of a liquid in acted upan by a pull towards inside of the liquid. 
Due to this inner pull the surface of the liquid shows a tendency to contract and try to possess minimum 
BF C surface area. So, if surface area of a liquid is increased or a new surface is 

: formed, work has to be done against the*pull. This work done is stored in 
the liquid surface film as its potential energy. It is called surface energy. 
Surface energy is measured by the work done to increase the surface area 
by unity. , y 

Now, we can prove that surface energy per unit area is numerically 
equal to the surface tension of the liquid. 

Proof : Consider a film of liquid produced in a rectangular frame ABCD 
( fig 6.4) of which the cross piece AD of length L, can slide along the arms 
AB and DC. Since a liquid surface behayes like a stretched membrane and 
tends to contract, surface tensional force will act at every point on the wire 
AD, at right angle to it and tangential to the surface of the film as shown in 
fig. So the wire AD will slowly move towards the arm BC of the framework. Evidently, to keep the wire 
AD fixed to its position, an equal force is to be applied on it in the opposite direction. 

Let AD = / and surface tension of the liquid = T 

+. Total force on AD = 2 / T (as the film has two surfaces ) 

<. The force required to keep the wire fixed is F=21T 

If the moveable wire is moved a distance x perpendicular to its length to the position EF, the work 
done against surface tension force is W=Fx=2/Tx 
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Now, total increase of surface area ( upper and lower ) = 2 lx. So work done to increase the surface 
ZU 
Ix 
Similarly, if the surface area of a liquid is allowed to shrink by unity, then work available is also T. 
Hence, surface tension of a liquid is defined to be numerically equal to surface energy per unit area. 
6.5. Total surface energy : 
At constant temperature T erg of energy is required to increase the surface area by 1 cm? where T is 
surface tension. But as the surface area of a liquid is increased, its temperature will fall. Hence heat 
energy must flow to the surface from the surroundings in order to keep the temperature constant. Hence 
to increase the surface area at constant temperature energy must be supplied in two ways : (i) mechanical 
.energy to increase surface area and (ii) heat required to keep the temperature constant. Sum total of 
mechanical energy and heat energy involved for a unit increase in the surface area of a film is called its 
surface energy. If the heat required to be supplied be A then total surface energy is E =T +h 
In other words the surface energy of a liquid is always greater than its surface tension. 


* NUMERICAL EXAMPLES e 


Example 6.1: A spherical water drop of radius 1 mm is sprayed into a million drops all of same 
size. Find the energy expended in doing so. Surface tension of water = 74 dyne / cm. 
Solution : Let the radius of each small water droplet be r. 


area of the film by unity = 


3 
x105- (55) ^ r-0-001cm 


4 \2 
Now, surface area of the larger water drop =4 7% (s J 24nx10?cm? 


; : 
, and total surface area of 10° small water droplets =4 x r? x108 Z4 (103) x106 2 4 x cm? 


*. Increase in surface area = 47 —4x x 10? cm? = 0:99 x4n cm? 
*.. energy expended = 74 x 0:94 x 4 x = 920 erg. 


Ex. 6.2: The length and breadth of a glass plate are 6-0 cm and 2:5 mm. Keeping its length 
horizontal it is suspended from one arm of a balance. Now a vessel containing water is placed 
below the plate so that the plate is partly immersed in water. To what depth the plate be immersed 
so that the balance is again horizontal ? Surface tension of water is 72 dyne / cm. 


Solution : Here two extra forces other than the weight act on the plate. They are— 


(i) Buoyancy of water which is equal to weight of water displaced by the plate. If the plate immersed 
to a depth A, then buoyancy w, = h x 6 x 0-25 x 980 dyne ( acting upward ) 


(ii) Force due to surface tension : w5 = 2 x ( length + breadth ) x- surface tension 
= 2x (6:0 + 0:25) x 72 dyne ( acting downward ) 
To keep the arm of the balance horizontal, wj = w 
hx6-0X0-25x980=2x6-25x72 .. 426.12 x10 cm 
6.6. Molecular theory of surface tension : 


Surface tension arises due to cohesive force between the molecules of the same liquid. Cohesive force 
is the force between the molecule of same material. It is a short range force and does not obey inverse 
square low. It is found to very with distance ( r ) as r 7. So cohesive force is very strong when the 
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molecules are very close and falls off rapidly with distance. This force is appreciable upto molecular 
range, R which is about 1077 cm. A particular molecule can attract other molecules which are within its 
sphere of influence and it is also attracted by those molecules. 
Evidently the molecules outside the sphere of influence can not 
exert any force. So a thin film at the surface having thickness 
equal to molecular range for that liquid is responsible for surface 
tension. 

In fig.6.5 ABCD represents the surface film of a liquid, where 
AD or BC is equal to molecular range. consider three molecules 
P, Q and E of the liquid. The circle indicate their sphere of 
influence. The molecule P is well inside the liquid and is attracted 
equally in all directions by other molecules lying within the sphere 
of influence. So, it will experience no resultant cohesive force in any direction. In the case of molecule at 
Q, more than half of its sphere of influence is below the liquid surface. So more molecules attract it in 
downward direction than in upward direction. So, it experiences a net inward pull which depends on 
relative number of molecules between the lower and the upper halves of its sphere of influence. The 
inward pull is maximum on molecules such as the molecule E lying on the surface. This is because the 
lower half of its sphere of influence is completely full of liquid molecules and upper half is empty. 

To move a molecule from the interior of the liquid to the surface, a work has be done on it against the 
inward force of attraction. This work appears as the additional potential energy of the molecules on the 
surface. Thus the potential energy of the molecules in the surface film is greater than that of the molecules 
in the interior of the liquid. 

Now, in the state of stable equilibrium, a system has minimum potential energy. In order to obtain 
minimum potential energy, the surface film tends to have minimum surface area so that the number of 
molecules in the surface film may be minimum. Hence, the free surface of a liquid at rest tends to have a | 
minimum surface area and thereby it behaves like a stretched membrane. 


Fig. 6:5 


6.7. Factors influencing surface tension of a liquid : 

The surface tension of a liquid depends on following factors : 

(i) Temperature : The surface tension of all liquids decreases with the rise of temperature. At critical 
temperature, the surface tension disappears. Without a small range of temperature, the relation between 
surface tension and temperature is T’=T [1— o (t’ - :)] 

* . Here T” and T are respectively surface tensions at temperature t and t. œ is a constant and is called 
temperature coefficient of surface tension. i 

(ii) Medium above the liquid : Surface tension of a liquid depends on the medium lying in contact 
with the free surface of the liquid. For example, when surface of water is in contact with air, the surface ' 
tension is 72 dyne / cm?. But at the same temperature the surface tension is 70 dynes / cm? when water is 
in contact with water vapour. 

ii) Contaminator : If the liquid surface gets contaminated with any impurity, its surface tension, in 
general decreases. For example, if oily or greasy substance be poured on the surface of water, they will 
float in the surface as a thin film, As a result, the surface tension of the liquid will decrease appreciably. 

(iv) Presence of dissolved substance : When inorganic substances are dissolved in the liquid, its 
surface tension is found to increase. For example, the surface tension of water in which common salt ( an 
inorganic substance ) is dissolved is about 84 dyne/cm, while that of pure water is 72 dyne/cm. 

But the presence of dissolved organic substance lowers the surface tension of the liquid. For example, 
soap ( organic substance ) solution in water has surface tension about 32 dyne/cm. 
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6.8. Pressure difference across a liquid surface : 

When the surface of a liquid is curve, the pressures on both sides of the surface ( on one side liquid 
and on the other side vapour ) are not equal. Here we consider three types of liquid surface. 

(i) Tf the liquid surface be plane and horizontal [ Fig 6.6 (a) ], surface tension acts horizontally on 
the surface and it has no component 


I = normal to the surface. So, on the 


liquid and on the vapour side across 
the surface pressure is same. 


(ii) If the free surface of the 
liquid is convex [Fig 6.6 (b)] a 
component of the force due to surface 
tension acts downwards inside the liquid. So now pressure on the liquid side across the surface is higher 
than outside. 


(iii) If the free surface of the liquid is concave [Fig 6.6 (c)], a component of the force due to surface 
tension acts upwards outside the liquid. Then for the equilibrium of thé surface pressure on the vapour 
side is greater than pressure on the liquid side. 

From our discussion it is evident that, if the liquid surface is curve, the surface will remain in equilibrium 
when the pressure on the concave side is greater than the pressure on the convex side. Otherwise, the 
liquid surface will contract due to surface tension. 


€ Value of the excess pressure at a curve surface : 


(a) Excess pressure inside a liquid drop, ^P =. Here T = Surface tension of the liquid, R = 
radius of curvature of the liquid surface. Here free surface is one. 


(b) Excess pressure inside an air bubble, A P = — Here free surface is two 


(c) If the air bubble is formed within the water then excess pressure , AP A. 


If the air bubble is formed at a depth h under water, then total excess pressure inside the bubble is 
2T 
P=P) +hpg + °° Here Py = atmospheric pressure and p = density of water. 


Example 6.3 : Radius of a soap is bubble 5'0 mm, surface tension of soap solution is 
2:5 x 107 Nm. Calculate excess pressure inside the soap bubble. 
AT 4x2:5x107 
R — 5x10? 
Ex. 6.4: An air bubble of radius 5-0 mm is formed inside a liquid of depth. 40 cm. What is the 


total pressure inside the air bubble ? Given atmospheric pressure = 1°01 x 10 5 P, and surface 
tension T = 2:5 x 10  N m ~. Density liquid = 1:2 cgs 


Solution: AP= =20N/m? =20P, 


ia 234 ^ 
Solution : P = Po eE Po =1-01x 10? P. hz0:4m 


2x2-5x 10 


P=1-01x10° +0-4x1200x9-8 + ae pz 200 Kg/m?;..- g=9:8mls? 


-1:0571x105p, T=2-5x10°Nm!; r=5x10 3m 
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6.9. Angle of content : 
In general, free surface of a liquid is horizontal. It is found that when a liquid comes in contact with 
a solid surface, it is generally curved at the point of contact. 
Definition : The angle which the tangent to the liquid surface at the point of contact makes with 
the solid surface inside the liquid is called the angle of contact. č 
The angle of contact is different for different pairs of solids and liquids. For mercury and glass the 
angle of contact is 135°. For ordinary water and glass, the angle of contact is nearly 8°. The angle of 
contact is always measured through the liquid. 
G) If0«90?[e.g. water in glass capillary ] 
(a) the surface of liquid in the capillary tube will be concave. 
(b) adhesive force is greater than the cohesive force. 
(c) the liquid will rise in the capillary tube. 
(d) the liquid will wet the wall of the tube. 
Gi) If 0 » 90° [e.g mercury in glass capillary ] 
(a) The surface of liquid will be convex 
(b) the liquid will fall in the capillary tube 
(c) Cohesive forces are greater than adhessive forces 
(d) the liquid will not wet the wall of the tube. 
Angle of contact of a liquid in contact with a solid : 
.When a liquid is in contact with a solid surface, then there are two types of forces acting on a liquid 
molecule’ Cohesive forces due to other molecules of the liquid 
and adhesive forces due to molecules of the solid. 
(i) If adhessive force is stronger than the cohesive forces, " 
the liquid molecules are pulled towards the solid surface and the 0 
liquid surface becomes concave [ Fig. 6.7 (a) ] (e.g water in 
contact with glass). 
Gi) On the other hand, if the cohesive forces are stronger 
man the adhesive forces, the liquid surface in contact with solid (a) 
will be convex [ Fig. 6.7 (b) ] ( e.g mercury in contact with 
glass). 
In the fig 6.7 0 is the angle of constant. 


6.10. Capillarity : a 
A tube having uniform fine bore is known as a capillary tube. And the rise or fall of liquid in a 
tube of narrow bore is called capillarity. 

If a glass capillary tube open at both ends is dipped in a 
liquid such as water or alcohol which wets glass ( i.e. a 
liquid whose angle of contact with glass is acute ), the liquid 
rises up ín the tube to a height above the liquid level outside 
[ Fig 6.8 (a) ]. The liquid meniscus inside the tube is 
concave. But if the tube is dipped in a liquid, such as 
mercury, which does not wet glass (i.e. whose angle of 
contact with glass is obtuse ) it gets depressed below the 
liquid level outside [ Fig 6.8 (b) ]. In this case the liquid 
meniscus is convex. : 

The phenomenon’ of capillarity is due to surface tension of the liquid. We shall show that the rise or 
all of a given liquid is greater in a tube of smaller bore. 


Fig. 6-8 
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6.11. Height of liquid in a Capillary tube : 

We shall now obtain an expression for the height to which a liquid rises in a capillary tube on the basis 
of balance of force. 

When the angle of contact is less that 90? ( @ « 90? ), the liquid rises along the capillary tube and 
liquid meniscus is concave upwards. This is tlie case for liquids which wet glass ( e.g., water ). 

Let a capillary tube of uniform bore is dipped vertically in water and water rises upto a height ‘h’ in 
it. The liquid surface touches the glass tube along a circle which is called 
circle of contact [ Fig 6.9]. The force due to surface tension act along the 
tangent at the point of contact. to the spherical liquid meniscus. At the 
point P on the periphery of the circle of contact the force due to surface 
tension acts along the tangent making an angel 0 with the glass tube. So 
the solid experiences a force directed inwards along the line of contact. 

As every action has equal and opposite reaction, glass exerts an equal 
and opposite reaction R = T. The reaction R may be resolved into two 
components (i) R cos 0 =T cos 6 along vertical and (ii) R sin 0 = T sin 8 
at right angle to it in the outward direction as shown. Considering the 


whole meniscus, the horizontal components cancel out i.e., Tsin@=0, 
Fig. 69 while the vertical components are added up. The total vertical force on the 
liquid meniscus supports the column of liquid standing in the tube. 
. Total vertical force due to surface tension on the surface of the meniscus is 


F= length of the meniscus x force per unit length = 2nxrxTcos0-27r Tcos0 

This force balances the force due to hydrostatic pressure exerted by a height / of the liquid. 
Here h is the liquid column upto the bottom of the meniscus. The volume of this cylindrical liquid 
column is.— mr2h. Now, if v be the volume of liquid in the curved portion, then the total volume of 
liquid raised =n r? hv : 


and its weight is wz(n rh Dr: [ p = density of liquid ] 
2nrTcos0- (nr?h & v) pg. 


(ncn »)e e 
yee esu 

2mrcos0 2 
nrhpg rhpg 
; S 2 T= > = 
If v is negligible compared to n r^h ae Se ee 


y 2 Tcos8 64 
CNN. Oe a a ope oan . (6.4) 
The equation (6.3) is known as Jurin’s equation. For a particular equation T, p, g and 0 are constant. 
1 - 
Then Ar = constant ~. ha "3 
So, narrower the tube, more is the rise of liquid in the tube. The graph between h and r is a rectangular 
hyperbola. 


© Capillary Rise in a Tube of insufficient length . 

It is interesting to consider what will happen if the length of the capillary tube in less than the height 
h given by equation ( 6:4 ) upto which liquid will rise. The liquid cannot flow out in the form of a 
fountain because then the liquid rushing out of the tube can be used to produce perpetual work by making 
it fall on say, the blades of a toy fan which would begin to rotate. This would violet the principle of 
conservation of energy. No perpetual work is possible without the supply of energy. : 
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In fact, what happens in that the memiscus changes its shape till the equilibrium at a smaller height h, 


is reached, h, being the length of the capillary tube. Now hr- A +r BUE 


Thus when a capillary tube of insufficient length /, is inserted in a liquid, the liquid will rise to the top 
of the tube and will spread out to acquire a new radius of curvature rj. 
Example 6.5.: A capillary tube of diameter 0:5 mm is dipped vertically in a liquid having 


surface tension 30 dyne / cm. The sp.gr. of the liquid is 0-8 and its wets glass. Calculate the height 
upto which the liquid rises in the tube. 


1 
Solution : The required relation, T= 7 hpg [assuming 0 = 0° ] 


paa BE OO 2 
x rpg 7 0.05x0.8x980 . T=72dyne/cm?, r=0:025cm, p=0-8g/c.c 
So, the liquid rises upto 3,06 cm in the tube. 


Ex. 6.6: There is a small hole of radius 0:2 mm at the bottom of a vessel. Calculate the depth to 
which the vessel be immersed when the liquid starts to enter into the vessel. Surface tension of 
water = 72 dyne / cm. 

Solution : Let the vessel be dipped to a depth h cm when water begins to enter into the vessel. 

excess pressure due to surface tension = pressure of water at a depth ‘h’ 


2T 2T 

—=hpg>h=—— T-72dyne/cm?; r=0:02cm 
r rpg 

pe 2k? ; 
70-02 x1x980 s h=7-34cm p=lg/c.c; g=980cm/s 


Ex. 6.7: A capillary tube open at both ends is partly immersed vertically in a liquid of surface 
tension 70 dyne / cm. Liquid rises to a height h = 4 cm along the tube. Calculate the radius of the 
tube. Density of liquid = 1:0 g/c.c. and angle of contest = 0°. 


rhpg 
2 cos8 
4 2Tcos0 23 70XicoSUs 


hpg — 40xlx980 


Solution : We know T= rz] h=4-0cm  p-lg/c.c 


20.036cm-0.36mm | g-980cm/s? 0-0 
T = 70 dyne / cm 


Ex. 6.8 : The radius of a barometer tube is 2 mm. Calculate the error in the barometer reading 
due to surface tension. Given, surface tension of mercury = 460 dyne / cm. Angle of content = 126°. 


2Tcos0 
Solution : T-I^Pes. = h= =" 
2 cosð rpg 
_ 2x 460 x cos126° 2x 460x (- 0-5878) _ 


^ 0-2x13-6x980. 0:2x13-6x 980 
. To get atmospheric pressure A = 0:203 cm is to be added with barometer reading. 


— 0-203 cm 


6.12. Illustration of Capillarity : 
There are various illustrations of capillarity in everyday life. A few of them are : 


() Kerosene rise in the wick of an oil lamp through the narrow space between strands ( threads) of 
the fibre in the wick, which serve as capillary tubes. 
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(ii) A piece of blotting paper soaks ink by capillary action. The pores of the blotting paper serve as 
capillary tubes. r 

(iii) The fibres of wood in the stem of a plant form very fine capillaries and this helps the leaves of 
the plant receive moisture from earth. : 


€ SHORT ANSWER TYPE QUESTIONS (With Answers) € 


Q. 1. What we mean by adhesive force and Cohesive force. 

Ans. See Art 6.1 

Q. 2. What is meant by surface tension of a liquid ? Give its dimension. 

Ans. Due to cohesive forces operative between the molecules of a liquid the molecules at the surface 
film of the liquid are acted by forces acting inwards. Due to this force the surface of a liquid tends to 
contract like a stretched membrane. As a result a tension is produced of the surface. This tension is called 
surface tension. 

Itis measured by the force of contraction at right angles to an imaginary line of unit length, tangential 
to the surface of the liquid. ` 

2nd part : Dimension of surface tension is [ ML" T- ? ] : 

:Q. 3. What is meant by surface energy of a liquid ? Define surface tension in terms of surface 
. energy? 

Ans, See Art 6.4 

Q. 4. Define angle of contact. Why is it produced ? 

Ans. When a solid is dipped in a liquid, the liquid surface near the plane of contact with the solid is 
curved. The angle between the tangent to the curved liquid surface at the point of contact and the solid 

surface, inside the liquid is called the angle of contact for the solid and liquid considered. 


2nd Part : Due to the cohesive force between the molecules of the liquid and also due to the adhesive 
force between the molecules of solid and the liquid, the menisus of the liquid is curve. This produces 
angle of contact. 3 

Q. 5. On which factors, the angle of contact depends ? 

Ans. The angle of contact depends on the following factors : 

(i) The nature of the solid and the liquid (ii) the medium above the free surface of the liquid. For 
example, the angle of contact between glass and mercury as the air above the mercury surface is different 
from that between mercury and glass with a layer of water above mercury surface. 

Q. 6. Why does water on a glass plate spreads but mercury on a glass plate gathers ? 

Ans. When air is abo*e water surface, the angle of contact between glass and water is acute and 
water wets glass. But under the same condition, the angle of contact between mercury and glass is obtuse 
and mercury does not wet glass. For this reason, water spreads over glass and murcury on the glass plate 
gathers. à 

Q. 7. On which facters surface tension of a liquid depends ? 

Ans. See Art 6.7 

Q. 8. How much work is done to produce a soap bubble of radius r ? 

Ans. The soap bubble has two surface inner and outer. So the total surface area of soap bubble of 
radiusris AA -Z2x4mr? -8nr? 


Work done, W-AA.T-8zr^T 
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Q. 9. Find the work required to break‘a drop of water of radius 0.5 cm into identical drops, 
each of radius 1 mm. Surface tension of water = 7 x 10? Nm ~! 


4 (0-5) 
Ans. Number of drops formed =3 -125 
T n(0.1P 
Surface area of the big drop - 4r ( sp x107^ 2 nx10 ^m? 
Total surface area of small drops = 125 x 4x (0-1)? x 07^ = 5x x10 ^m? 
*. Increase in surface area = 4 r x 10 ^m? 
Work done = Surface tension x increase in surface area 
27x10 2x 4nx 10 =8-8x 1075 J 
Q. 10. A soap bubble A of radius r, and another soap bubble B of radius r, (r, >r} ) are brought 
together so that the combined bubble has a common interface. Find the radius of the interface. 
Ans. Let P, be the pressure inside A and P, be the pressure inside B. If T be the surface tension of 
the liquid and Py be the atmospheric pressure then, 


4T 
Pj = Po * — and P, ieee 
n r- 


2 
Since r, > r,, we have, P, > P,. So the interface is convex towards B. If r be the radius of the 
4T l 1 lert 1 nr 
; To p-m =4T/—--—| . -2z2—-—-r-—-—— 
interface then  ; l E 2) a] man 


Q. 11. The surface energy of a liquid drop is U. It is sprayed into 1000 identical drops. What 
will be the total surface energy now ? 


Solution : If R be the radius of the liquid drop then U = 4 x R? T 


Now, increase in surface energy, AU =4 7 R? [10092 - 1] T=9U 

*. Total surface energy U’ =U + 9U =10U 

Q. 12. A Capillary tube is immersed in water and the mass of water that rises in the capillary 
tube is M. If another tube of double the radius is immersed, then what mass of water will rise in the 
capillary tube. . 

Ans. We know from Jurin's law hr = constant. So if r is doubled h will be half. Now M =% r ?ph 

*. mass of water that will rise in the second case is 


M an (r?) o po 2nr!hp 2M 


€ MISSCELLANEOUS EXAMPLES e 


Example 6.9: How much work is done to increase the surface area of a soap bubble from 0:5 
cm? to 1:10 cm, Surface tenstion of soap solution is 30 dynes / cm. 
Solution : The required work done = Change in area x surface tension 
W=2 (1-10 — 0-5 ) x 30 [ No. of surface is two ] 
= 2x 0.6x 30-36 erg. 


Phy (D—31 
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Ex. 6.10: A mercury drop of radius 1 cm is sprayed into 106 identical small droplets of mercury. 
How much work is done ? Surface tension = 400 dyne / cm. 


4 = 4 
Solution : Volume of the bigger drop = zm [R=10 2 m] Volume of each small droplet one 
10° xar) Z R3sr=107°R=1074 m 
zi 4 
Increase in surface area, AA - 4m (10872 — R2) =4 n (106 x1075 —10 ) 
= An (10? — 107) = 4n x 107* x 99 m? 
work done =A A.T=4x99 2x10 x 400 -4x0-991x4-49.74] 


Ex. 6.11: The two arms of a U-tube is vertical. Inner diameter of one arm is 0-5 mm and that 
of the other is 1 mm. When some water is poured in the tube what will be the difference in level in 
two arm of the U-tube ? Surface tension of water = 72 dyne / cm. 


2T 
Solution : Height of water in wider arm, hy ipn and height of water in the narrower arm, 
1 


Nes 
2 TPS 
non- -1-a (cue g5) amem 
pelr m) 1x980 0.28 0-5 


*. The difference in level of water in the U - tube — 0.294 cm 

Ex. 6.12 : The area of a wire frame = 4 x 10-3 m?. What is the potential energy of the film of 
soap solution formed in the frame ? If the area of the film is reduced to half of its initial area, what 
is the change in potential energy ? Surface tension of soap solution is 40 x 10 2 Nm! 

Solution : Area of the frame 4 x 10? m? 

. Total area of the soap film is A= 8 x 10? m? 

*. Surface potential energy, E- AT = 8x 103 x 40 x 10? 

~ E=32x 105 J 


: ; t PET " 
If the area of the frame be half of the initial area then surface potential energy, E^ = pi E-16x1077 


. Decrease in potential energy =E- E' 2 16x 10?J 


Ex. 6.13 : Water rises to a height of 10 cm, when a certain capillary tube is dipped is water. If 
the same capillary tube is dipped in mercury, the level of mercury in the tube is depressed by 
3:42 cm. If the sp.gr of mercury be 13:6, the angle of contact for be 0° and that for mercury 135°, 
what is the ratio of the surface tension of the two liquids ? 


rh 
Solution : If water rises by h, in the capillary tube, its surface tension is given by Tj =E, E 
OS 
1 

: »- ; E -rhyp5g 

And in the care of mercury, if it depressed by h, cm then its surface tension is T; TUNES e 
cos 05 

Ty -A Pr cos05. —10. 1-0 . cos135? 

—=—* — X =—— X —— x 

T, h, P2. cos®; 3:42 13-6 cos 0° 


Ti 
EU CER EI 
T, 20 
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Ex. 6.14: n number of water droplets coalesce to form a single drop of radius R. Show that the rise 
STAT TY". 
in temperature of water would be z-i) when T is the surface tension and J is the mechanical 


equivalent of heat. 
Solution : Total area of n droplets of water —4 xr? 


^. Total surface energy, Ey, =47 TnT: 
Now surface energy of larger drop E, = 4 7 RÈT 


. loss of surface energy =4 7 T (nr? Es R?) 


This energy is converted to heat, 
4nT 
J 


. Heat produced, H= (n r -R?) Cal. 

If © be the rise of temperature of the water forming larger drop then, 
,_4 4 

H = mR°psO=— rR 0 [p= 1g/ċ.c, s= 1] 


; 3 a g359- 351 (nr? -R?) 
3 J 


aT fort 1) IEAA 
oe 3) 5-3) La Ren] 


Short answer type questions : 

. What are force of cohesion and force of adhesion ? Which force is related to surface tension ? 

. What is meant by moleculer range and sphere of influence ? 

. What is surface tension and what is its measurement ? 

. State the unit and dimension of surface tension ? 

What is surface energy of a liquid ? How is it related to surface tension ? 

What is a'capillary tube and what is capillerity ? 

What is angle of contact ? On which factor its value depend ? 

Mention the value of angle of contact for (i) water and glass and (ii) mercury and glass ? 

Surface tension of water is 72 dyne / cm. What is meant by this statement ? What is its value in SI system ?, 

10. Why are small drops of liquid are spherical in shape ? 

11. Water wets glass, but mercury does not. Explain. 

12. What is the excess pressure inside a soap bubble ? 

13. What is capillary action ? Why does water rise in capillary tube ? 

14. What is the nature of the graph between r, the radius of the capillary tube and h, height of liquid in the capillary 
tube ? 

15. Water rises upto a height h in a capillary tube. If the tube is broken at a height h / 2, vill water over flow ? 
Explain. 

16. What is the cause of different of levels in two arms of a U-tube when the arms of different cross sections. 


ecueunruwmumB»x 


B. Essay type questions : 

1. (a) What is meant by surface tension of liquid ? Define its SI unit. (b) Surface tension is molecular phenomena. 
Explain. 

2. What is meant by surface energy of a liquid ? Obtain the relation between surface energy and surface tension. 
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3. Discuss the factors influencing the surface tension of a liquid. 

4. How is the surface tension of a liquid explained on the basis of intermoleculer forces ? 

5. What are meant by (i) surface tension (ii) surface energy and (iii) angle of contact of a liquid ? What is the unit 
of surface tension ? 

6. Explain the term ‘Contact angle’. On which factor its value depend ? 

7. (a) What is meant by capillarity ? 
(b) Find the expression for the height to which a liquid may rise in a capillary tube. 

C. Simple numerical problems : 

1. The measurment of wire frame is 12 cm x 3 cm. How iol work is done to form a soap film on the frame ? 


Surface tension of soap solution 3 x 10-? Nm ! [Ans : 216 x 107*J 
2. How much work is done to force a soap bubble of radians 5 cm ? Surface tension of soap solution = 
3x10-?Nm:! [Ans : 1°88 x 10-27] 
3. How much work is done to split a water drop of radius 1 mm into 10 $ small-water droplets ? Surface tension 
of water = 72x 1073 Nm“! [ Ans. 895:3 x 10 7 J 
4, Water rise upto a height of 2:0 cm into capillary tube. To what height water will rise in another capillary tube 
whose radius is = of the radius of the first tube ? [ Hint: Ar =h ] [ Ans. 6:0 cm 
5. A glass capillary tube of radius 0:4 mm is partly dipped vertically in water. Calculate height of liquid in the 
capillary tube. Surface tension of a liquid = 72:8 x 10? Nm! [ Ans. 3.7 cm 
6. A water drop of diameter 2 mm is split into 10° small water droplets. Calculate energy expended. Surface 
tension of water 73 x 10-2 Nm! [ Ans. 9.16 x 1074 J 
7. How much work has to be done to form a soap bubble of radius 4:0 cm ? Surface tension of soap solution 
3x10? Nn! [ Ans. 1.2 x 10° J 


8. The radius of a mercury drop is 3:0 mm at 20°C. Surface tension of mercury at this temperature is 
4:65 x 107! N/m. atmospheric pressure — 1:01 x 10 5 Nm"? calculate (i) Extra pressure (ii) pressure inside 


mercury. [ Ans. (i) 3:10 Nm~, (ii) 1:0131 x 105 N m~? 
9. Find the work done in blowing a soap bubble of surface tension 0-03 Nm so that its diameter changes from 
2 cm to 4 cm. [ Ans. 2:26 x 107 4J 


10. Calculate the amount of energy evolved when eight droplets of mercury of radius | mm each combine into one. 


[ Ans, 27:65 x 1075 J 
11. By how much will the surface of a liquid be depressed in a glass tube of radius 0-2 mm, if the angle of contact 
of the liquid is 135° and its surface tension 547 dyne / cm ? sp. gr of liquid = 13:5 g/cc [ Ans. 2:02 cm 
12. What is the work done is blowing a soap bubble of radius 10 cm ? Surface tension of soap solution 
= 30 dyne / cm. [ Ans. 7:542 x 10 * erg 

D. Harder numerical problems : 


1. A glass plate of length 10 cm, breath 1-5 cm and thickness 0:2 cm, weighs 8:2 gm in air. If it is held vertically, 
with its long side horizontal and its lower half immersed in water, what will be the apparent weight ? Surface 
tension of water = 72 dynes cm - ! [ Ans. 8.18 gm -wt ] 

2, An air bubble of diameter 1 mm is fomed in water at a depth of 10 cm. What is the pressure inside the bubble 
if the atmospheric pressure be 75:1 cm Hg ? Density of water = 0:96 g / c.c and surface tension of water = 


60 dyne / cm. [ Ans. 75:986 cm Hg ] 
3. The pressure inside a soap bubble of radius 4 mm is 1 cm water above atmospheric pressure. Calculate the 
surface tension of soap solution g = 10 m/s? [ Ans. 0:1 Nm! ] 


4. A spherical air bubble of diameter 1-6 cm is connected to U tube manometer. The liquid inside the manometer 
is of density 0-8 g / c.c. If the different of liquid level in the manometer be 1-5 mm, calculate the surface tension 
of liiquid. Let the bubble be formed in air. [ Ans. 23:52 dyne. em! ] 

5. The excess pressure inside a soap bubble is balanced by a 2 cm liquid column. Sp.gr of liquid = 0-8. What is the 
surface tension of soap ?[ g = 10 m/s? ] [ Ans. 0:4 Nm! ] 
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6. The diameter of wider limb of a U-tube is 0:8 cm and that of the narrow limb 0:2 cm. Water is poured in the 
U-tube. Calculate the difference in height of water column in the two arms of the U-tube. Surface tension of 
water is 0-07 Nmr, angle of contact = 0°, density of water 10 3 kg m? and g = 9:8 m/s? [ Ans, 0:0115 m] 

7. A U-tube is partly filled with water. The diameter of its wider limb is 1-0 cm and that of. the narrower 
limb is 0:4 cm. Calculate the different of water levels in the two limbs of the tube. Serface tension of 
water = 0:07 Nm; angle of contact 0°. Density of water = 1000 kg / m3; g = 10 m/s? [ Ans. 42 mm ] 

8. The diameter of the tube of a mercury barometer is 4 mm. Calculate the error in barometer reading due to 


surface tension. Surface tension of mercury 49 x 10-2 Nm", angle of contact = 130° sp. gr of mercury = 13:6 
: [ Ans. 0:236 cm ] 


VISCOSITY 


TOPICS : Viscosity; Coefficient of viscosity; Fugitive elasticity; Critical velocity and 
Reynold number; Steady flow of fluid though a narrow pipe; motion of small body through 
a viscous medium : Stokes law; Effect of temperature and pressure on viscosity of liquid 


and gas; Examples. 


7.1. Introduction : 

We have so far considered different phenomena related to fluid at rest. We shall now consider fluids in 
motion. The branch of physics that deals with motion of liquids is known as hydrodynamics. The study 
of motion of liquids finds important applications in various fields, such as meteorology, marine engineering, 
civil engineering etc. The liquids in motion obey the same fundamental laws of motion as obeyed by 
particles. But the description of motion of a liquid is more complex than that of a solid. The reason is : 
intermolecular forces in liquids are not as strong as those in solids. 

We usually make simplifying assumptions regarding the nature of the liquid during flow. The 
assumptions are (i) the liquid is incompressible and (ii) the flow is steady or uniform. 

In this chapter we shall discuss the property of liquid called viscosity which manifests itself when the 
liquid flows and has a profound influence on its motion. 

The flow of liquid is said to be steady if its velocity at every point in the fluid remains constant in 
magnitude as well as direction. Steady flow is called orderly flow or streamline flow. 


7.2. Viscosity : 

When we swim in a pool of water, we experience a resistance to our motion. When water taken a 
beaker is set into rotation with a glass rod or a finger, it starts rotating in 
the form of a co-axial cylindrical layers as shown in fig ( 7.1). When we 
stop stirring, the speeds of different layers are seen to decrease gradually 
and finally the water comes to rest. 

This shows that there is some kind of frictional force in liquids, which 
try to destroy the relative motion between the layers. This force is called 
viscous force in the case of fluids. 

The property of liquids ( or gases ) by virtue of which an internal 
resistance or friction comes into play, when a liquid is in motion is 
called viscosity. The internal friction tries to destroy the relative motion 
of the liquid. 


Viscosity is a general property of liquids and gases. When there is a 
relative motion between different layers of a moving fluid, a dragging force is generated and it acts 
tangentially to different layers trying to destroy the relative motion between the layers. 


Let us consider two consecutive liquid layers flowing horizontally over a surface. The upper layer is 
moving with a velocity greater that the velocity of the lower layer, i.e., a velocity gradient exists between 
the layers. The faster one exerts a tangential force on the slower one in the forward direction while the 
slower layer exerts the force on the faster layer in the backward direction. Thus different layers of the 
fluid initially moving with different velocities try to destroy their relative velocities between any two 
layers. Unless some external force is applied, the viscous drag will ultimately stop the motion of the 
liquid. 


Fig. 71 
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7.3. Coefficient of Viscosity : 5 

Consider a liquid flowing over a horizontal solid surface in the form of parallel layers. The layer of 
liquid in contact with the solid surface is found to be at rest due to adhesive force between solid and 
liquid. As we go up, the velocity of the layers goes on 
increasing and the layer at top possesses maximum velocity. 
[ Fig 7.2] So if we consider any layer, then the layer just 
above it possesses higher velocity and the layer just below 
has lower velocity than the layer under consideration. Due 
to cohesive force consecutive layers try to accelerate or 
destroy their relative velocities. This force acts at the 
interface between any two layers; Evidently the force on 


the faster moving layer is opposite to the direction of Solid surface 
motion and on the slower moving layer it is in the direction Fig. 72 
of motion. 


d Let us consider two parallel layers Q and P at distances 
A PLE V*ÓV  xand (x + dx ) from the solid surface. Their velocities are 
v and v+dv respectively [ Fig 7.3 ] 


dx 

dy 
+ Z 3 4 L di: is called velocity gradient i.e,. the rate of change 
x 


of. velocity with distance in the direction of increasing 
distance. Due to viscosity, a force F acts to destroy the 


Solid surface 
TITTITITITITITITITITI TIT relative velocity. According to Newton, the viscous force 
t F depends on the following factors. 


Fig. 7.3 
(i) It is directly proportional to the area of the layers 


in contact, ie, FaA 
dv 


(ii) It is directly proportional to the velocity gradient between the layers i.e,. Fa zm 


cx, 5 dy 
Combining these factors we write, Fa A E 


Where y is a constant which depends on the nature of liquid and is called coefficient of viscosity. 
The equation (7.1) is known as Newton's formula. It is applicable to liquid flow under steady condition, 


dv 
Definition of 1] : In equation (7.1), if A = 1 and then, n=F 
Hence the coefficient of viscosity may be defined as the tangential force per unit area required to 
maintain a unit velocity gradient. 
Unit of 7 : (i) In C. G. S system the unit of coefficient of viscosity is dyn.s cm ? or g em™! s~! and 


is called Poise. The coefficient of viscosity of a liquid is 1 Poise, if a tangential force of 1 dyne 
maintains a velocity gradient of 1 cm s~ ! cm"! between two parallel layers each 1 cm? is area. 


(ii) In SI, the unit of ņ is N s m? or kg m^! s^! and is called decapoise or poiseuille 


The coefficient of viscosity of a liquid is said to be 1 poiseuille if a tangential force of IN maintains 
a velocity gradient of 1m s^! m"! between two parallel layers, each 1m? in area. 


Relation : 1 poiseuille = 1 N. s. m ? = 105 dyn x s x (100cm) ™ = 10 poise 
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COME Re NAR ISSN [wor] shagsipsl 
Dimension of 7 : "aer gena T ] 


Viscosity of a few fluids are given in the table below at the indicated temperatures. 


| mus | Temerature (?C)| 1 (poise ) | rmi | Temperature (^C) | N ( poise) 


Water 30 air 20 181 x 10 
20 i 0 
Benzene 30 hydrogen 20 


131 x 10% 
88 x 10 =$ 
Example 7.1 : A plate of area 100 cm? is placed on a castor oil of thickness 2 mm. How much 
horizontal force is required to move the plate horizontally with a velocity of 3 cm / s. Coefficient of 
viscosity of oil = 8:85 poise. 


dv 
Solution : Horizontal force, F- nA p 
F=8-85x100x— 1=8-85 poise; A= 100 cm ? 
= 13:275 x 10° dyne dv=3cm/s; dx=0.2cm 


7.4. Fugitive elasticity: 
From the equation (7.1) we write 
_ F/A  Tangential stress 
div dv/dx Velocity gradient 
Again from the definition of rigidity modulus we have 


_F/A ___ Tangential stress 
8 displacement gradient 

These two relations have close resemblance. Coefficient of viscosity may be defined as the tangential 
stress per unit velocity gradient. Also we define the modulus of rigidity to be tangential stress per unit 
displacement gradient. Hence Maxwell suggested that a fluid exhibits certain amount of shearing stress 
for a short while. Then the stress breaks down and shear commences again. It is repeated again and again. 
So liquid can produce fugitive resistance against shearing stress. This momentary shear elasticity of a 
fluid is responsible for its viscosity and is called fugitive elasticity. 


7.5. Similarities and dissimilarties between solid friction and viscosity : 
Similarities : (i) Both the forces oppose the motion. 
(ii) Both are operative when there is a relative motion. 
(iii) In both cases molecular force is effective. 
Dissimilarites :(i) Solid friction does not depend on area of contact. But the viscous force depends 
on the area of the two layers of the liquid. 
(ii) Friction does not depend on temperature. But the viscous force depends on 
temperature. é : 


7.6. Critical velocity and Reynold number : 

The equation (7.1) holds only for steady or laminar flow. The flow remain laminar or stream line so 
long as its velocity does not exceed a certain limiting value called the critical velocity. So critical 
velocity marks the transition from streamline motion to turbulent motion. 
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Reynold's formula : Osborne Reynold first established experimentally that critical velocity v, of a 
particular liquid depends of the flowing factors : 
(i) the critical velocity is proportional to the coefficient of viscosity i.e. v, 0t 


(ii) the critical velocity is inversely proportional so the density of the liquid i.e., v, © d 

(iii) the critical velocity is inversely proportional to the radius of the tube. : 

Combini Il these factors Yı at. tm 72 

ombining all the: c poc € pr EE pts (7.2) 

The constant k is known as Reynold number. For narrow tube the value of k is 1000. If the value of 
k is below 1000, the liquid flow is streamline. 

The equation (7.2) is known as Reynold’s formula. It is applicable to streamline flow of liquid in 
narrow tubes. 

7.7. Steady flow of fluid through a narrow pipe : 


Poiseuille’s equation : The steady flow of fluid through a narrow pipe was first investigated by L. M 
Poiseuille. In 1844, he discovered a formula for the volume (V) of a fluid flowing per second through a 
narrow tube. He noticed that, the volume of liquid flowing per second depends on. 


(i) Viscosity of liquid (1) (ii) radius of the capillary tube (r) and (iii) the pressure difference per unit 


P 
length of the tube (5. where P is the perssure difference across the tube of length /. So, we can write 


Vektor) eY [ k is a constant ] 
Now, VI [LT]; m= [cr] tur [7] [vcr] 
[er] par? ep [wor] 


According to the principle of homogeneity of dimension, the dimensions of all the terms on either 
side of the equation must be same. So, equating the exponents of M, L and T we have 


24 C= xX+Z s x=—l 

Heo JSF ty —2z y=4 

-l=-x-2z zzl 
1 4 
A vexat (E) ag E 
l nl 

T Prr 
From experiment it is found that eis n V= E A bey 07.3) 


It is Poiseuille’s equation for the flow of liquid through a narrow tube. 

Example 7.2 : The length of horizontal capillary tube is 40 cm and diameter 0-1 cm. Difference 
of pressure at the two ends of the tube is 20 cm of water. Calculate the volume of water flowing in 
10 minutes. Given, the coefficient of viscosity of water = 0:0089 cgs. 


Part 


8nl 
Here P220x1x980dyne/cm?; r=0-05cem; n=0-0089 cgs and /=40cm 


Solution : By Poiseuille's equation, V = 


490 A TEXT BOOK OF PHYSICS 


20 x 980 x 3-14 x (0-05)* 
8 x 0-0089 x 40 
s mass of water flowing in 10 min = 0-1351 x 10 x 60 = 81:06 gm 


MES  0-1351 c.c. / sec. 


Ex. 7.3. Glycerine flows steadily through a horizontal pipe of length 1-5 m and radius 1-0 cm. If 
the amount of glycerine collected at one end is 4:0 x 10 ~? kg / sec, what is the pressure difference 
between the two ends of the pipe ? Density of glycerine = 1:3 x 10 ? kg / m? and viscosity of 
glycerine = 0:83 N .s. m^ ?. Is the flow laminar or not ? 


Part EI 
Solution: V= PD 150.83 P;s "1&15m, +21-0cm=210-2m 
8n1V z3 
p=- y = AXIO — 5.077 x 10 5 m? /sec. 
nr 1-3x10 


_ 8X0:83x 15x 3:077 x 1079 
3.14 x 1075 


2nd Part : To find out whether the flow is laminar or not, we find Reynold's number. 


P-9.75x10? P, 


ry 
drm p=1000kg/m3, r=1-0x10-%m 
_ 1000 x 107? x 0-98 x 107? ee aoe T 98 x 10-2 ms" 


0-83 nr? wx 1074 


k=0:15 Since k is small, the motion is laminar. 


7.8. Motion of small body through a viscous medium : Stoke’s Law 
A body falling through a viscous medium ( liquid or gas ) experiences a retarding force resulting in 
absorption of energy by the medium in the form of heat. As the body falls, it drags a 
F+ F, layer of the fluid with it. But the fluid at a large distance from the body is unaffected 
and is at rest. Thus the motion of the body produces a relative motion between different 
layers of the fluid. But the viscosity of the medium opposes the relative motion. The 
opposing force due to viscosity increases with the velocity of the body and finally if the 
body is small, becomes equal to the effective weight of the body. The body then moves 
with a constant velocity known as the terminal velocity of the body. 
In the fig 7.4 the body ( B) is falling with constant terminal velocity. 
So F +F,=mg 
Here F = viscous drag, F, = buoyancy of the medium and m = mass of the body. 
mg According to Sir George Stokes, if a small spherical body of radius r moves with a 
Fig. 74 constant terminal velocity v through a homogeneous fluid of co-efficient of viscosity 
N, the retarding force experienced by it is given by F=6mnrv .......... (6.4) 
This relation is known as Stokes’ law. ' 


Expression for the terminal velocity -: It p be the density of the falling spherical body then its 


1.223 
weight, dida PE 
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- E 4 
Again if o be the density of the medium then buoyancy of the medium ps 3 nro g 


. Effective weight of the body, mg — F} = i xr^(p-o)g 


when the body attains a terminal velocity v, we get 6 T nr v= i nr (p-0)g 


So, the informations about the terminal velocity are 

(i) itis proportional to the square of the radius of the falling body 

(i) itis proportional to the difference between the density of the body and the density of the medium. 

(iii) itis inversely proportional to the co-efficient of the viscosity of the medium. 

Illustration : The falling of rain drop through air afford us an illustration of stokes law for the motion 
of small body through a viscous medium. Tiny rain drops having radius as small as 0:001 cm have a 
terminal velocity of about 1-2 cm/s when it falls through air having co-efficient of viscosity 1:8 x 107 
poise. For this reason they remain suspended in air as cloud. But when the drops becomes bigger in size, 
their terminal velocity increases as falls and rain drops. 

If, however, the density of the fluid.in greater than the density of the body ( i.e o > p ) the terminal 
velocity v becomes negative. It means that the body will go up through the medium instead of falling 
down. An example of this situation is the upward motion of air bubble through water. 

Example 7.4 : A tiny oil drop is falling through air. If its terminal velocity be 4 x 107^ m/s, 
calculate its radius. Coefficient of viscosity of air = 1'8 x 105 N. s. m? ; density of oil = 900 kg / m’. 
Neglect density of air. 

; ; 0L 2 7g(p-o) 
Solution : Terminal velocity V moteur 


2 
ele [when o is negligible ] 
"n 


9 
1/2 
9v 
r=|2] v=4x10 m/s  neL8x10?Ns/m? 
1/2 
_[ox4x10 x1-8x10° E » 
T-| — -—2x900x9-8 p-900kg /m g=9-8m/s 
= 2x105m 


7.9. Effect of temperature and pressure on viscosity of liquid and gas : 

(i) In the case of liquid : The co-efficient of viscosity of a liquid decreases markedly with the rise of 
temperature. So value of ņ must be quoted along with the temperature. For example, at 20°C, for water 
n =0-0101 poise and at 60° n= 0:0047 poise. For castor oil at 10°C m = 242 poise and at 20°C, N = 
9-87 poise. 

The relation between temperature and viscosity of liquid is rather complicated. But over a small range 
of temperature, the variation of co-efficient of viscosity with temperature can be approximately represented 


as "li 2 [œ and are constant] ~ 


1 ot 4 Bt 
The co-efficient of viscosity rises rapidly with rise of pressure. But water shows an anomalous behaviour, 
lowering its value of 1 as the pressure rises, to a minimum value after which 1) increases with pressure. 


492 A TEXT BOOK OF PHYSICS 
(ii) In the case of gases : In case of gases, the viscosity increases with rise of temperature. The 
variation of the co-efficient of viscosity of a gas with temperature is represented by the relation : 


N=A ng VT where n is the Coefficient of viscosity of the gas at TK, A is a constant, No is the 
Co-efficient of viscosit at 0°C and T is the absolute temperature of the gas. 


@ SHORT ANSWER TYPE QUESTIONS ( With Answers ) € 


Q.1. Why is it that a liquid set in rotation comes to rest ater some time ? 

Ans. A liquid set into rotation comes to rest due to internal friction between the layers of the liquid 
called viscosity. 

Q.2. Two flasks one containing water and the other glycerine are stirred rapidly and kept on a 
table. In which flask will the liquid come to rest earlier than the other ? 

Ans. Glycerine will come to rest earlier. It is because the co-efficient of viscosity of glycerine is 
greater than that of water. Glycerine is more viscous than water and internal friction is higher in glycerine 
is more than in the case of water. So, glycerine will come to rest earlier. 

Q. 3. What is meant by viscosity ? Define Co-efficient of viscosity. Give its dimension. 

Ans, See Art 7.2 and 7.3. 

Q. 4, What is meant by the statement ‘Coefficient of viscosity of a liquid is 1 poise ?* 

Ans. See Art 7.3. 

Q.5. What is terminal velocity ? On which factors it depends ? 

Ans. When a small body falls through a liquid or gas, at first it falls with an acceleration. After some 
time the body begins to fall with constant velocity. This constant velocity of the falling body is called 
terminal velocity. 

2nd Part : See Art. 7.8. 

Q. 6. Explain why rain drops falling under gravity do not acquire very high velocity. 

Ans, After falling a certain distance through air, the rain drops acquire terminal velocity. After that, 
they fall with this constant velocity. The terminal velocity is attained when the viscous force due to air 
becomes equal to apparent weight of the rain drop. Terminal velocity is proportional to the square of the 
radius of the drop. As the radius of the rain drop is small, it does not acquire very high velocity. 

Q.7. Explain why a parachute is invariably used, while jumping from as aeroplane. 

Ans. We know that the viscous force, F2 6x rv. Due to large structure ( r large ) a falling 
parachute experience a large viscous force and hence while descending through air, it acquires a very 
small terminal velocity. Due to the low downward velocity, the person using the parachute will not get 
hurt. 

Q.8. Are critical velocity and terminal velocity same ? Explain. 

Ans. Critical velocity and terminal velocity are not same. Critical velocity is the velocity which 
marks the transition from stream line motion to turbulant motion. So below this velocity, motion of liquid 
through a pipe is steady and streamline. After this velocity, motion of liquid through the pipe is turbulant. 

On the other hand, terminal velocity is the constant velocity of descend for a body through a liquid or 
gas. 

Q. 9. The ratio of areas of cross section of two capillary tube of equal length is 2 : 1 and the 
ratio of the difference of pressure at the two ends of the tubes is 1 : 2. What is the ratio of the rates 
of flow of liquid through the tubes ? ; 
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Ans. It the rates of flow of liquids through the two capillary tubes be V, and V, then by Poiseuille’s 


4 2 
: in Pot r> 
V= Wie 
equation V] 837 and V2 Sul 
4 

V P n i 2" 
zx -5x(2) 28 + Vj: Vj =8:1 
KA Plo ee Wis 


Q. 10. If the radius of the capillary tube be made double, how the rate of flow of liquid is affected? 

Ans. If the radius of capillary tube is made double, the rate of flow of liquid through the tube will 

increase 16 times. Reason : From Poisenille’s equation, the rate of flow of liquid through a tube is given 
Prr 


VS 
py 8n? 


4 

V. 

Vart iy un (2) -(2) =16 ~. So rate of flow becomes 16 times more. 
TUNIS ET 


| € MISCELLENEOUS EXAMPLES € 


Example 7.5 : A tank is full of liquid of density 0'8 g / c.c. At the bottom of the tank a horizontal 
capillary tube of length 20 cm and inner radius 0:5 mm. is attached. Depth of the tube below the 
surface of liquid is 25 cm. If co-efficient of viscosity of liquid be 0-12 cgs, calculate mass of water 
flowing in 2 minutes. 

pPrr^ 
Solution : Volume of water flowing per second is given by, V= 81" 


em 1:96 x 104 x3-14 x (0:05)? 
8x0.:12x20 
22x1072c.c r=0:05em /=20cm n=0-12 poise 
. Volume of water flowing in 2 min = 2 x 10 2x120224 c.c 
mass of water flowing in 2 min = 2:4 gm 


Ex. 7.6. A metal ball of radius-2 mm is dropped in glycerine. Calculate the terminal velocity of 
the ball. Sp. gr. of the metal = 8:0 and of glycerine 1:3; Coefficient of viscosity of glycerine is 8:3 
poise. 


P=25x 0:8 x980 21:96 x 104 dynes / cm? 


Sf ge _2 r^g (p- o) 
Solution : Terminal velocity is given by, V pis " 
-2)2 0 ds 
A SEZ (0-2) x 980 x (8:0 — 1-3) I dem/s 


8-3 
Required terminal velocity = 7:3 em /s 
Ex. 7.7. An air bubble of radius 1 cm is rising from the bottom of a liquid column. It its terminal 
velocity be 0-21 cm/s, calculate co-efficient of viscosity of the liquid. Density of liquid is 1-47 g / c.c. 
and neglect density of air. 
2 
Solution : Required relation is N -2x 2R) 
v 
2. (0? x980 (0-1-47) 
q{=—% 
9 -0-21 
= 1524-4 poise p=0; vz2-021cm/s 


r=1-0om, g-980cm/s? 0-147g/cc 
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Ex.7.8: Eight rain drops of radius 1 mm each falling downwards with a terminal velocity of 5 


cm/s coalesce to form a bigger drop. Find the terminal velocity of the bigger drop. 


Solution : For a single small drop, radius r = 0-1 cm and its terminal velocity is v = 5 cm sl. If m be 


the mass of each drop then when each small drop attains terminal velocity. 


OTN vag... ee 
If R be the radius of the bigger drop when 8 small drops coalesce then, 
4 

inm -Sxiar ^ R=2r=0-2cm 
Let v, be the terminal velocity of the bigger drop, then, ORAR V =8mg ... ....... (ii) 

D E 8rv 
From (i) and (ii) R vw 8 dM] ri i 

vy = UD 220ems^! 


*. The required terminal velocity is 20 cm s! 


Short answer type questions : 


What is viscosity and co-efficient of viscosity ? 

What is the difference between friction and viscosity ? 

Name and define the c. g. s and S. I. unit of co-efficient of viscosity. 

Obtain the unit and dimension of co-efficient of viscosity. 

. Co-efficient of Viscosity of water is 7-98 x 10? poise. What does it mean? 

What is critical velocity ? On which factors its value depend ? 

. What is the importance of Reynold’s number ? 

The dimensions of viscosity is same as those of the product of pressure and time. Is it correct ? 


» 


IJI 


terminal velosity ? 
. Why is that a liquid set in rotation comes to rest after some time ? 


-—— 
aos 


through the liquid with constant velocity ? Explain the reason. 


= 
t2 


difference across both the tubes be same, what is the ratio of rates of flow of liquid through the tubes ? 


_ 
w 


practical application. 
B. Essay type questions : 
1. (a) What is meant by viscosity of a liquid ? 


(b) State Newton’s law in relation to the flow of viscous liquid over a solid surface. Hence define 


co-efficient of friction. 


2. Describe the way in which different parts of a viscous fluid move pula flowing through a fine ái: What 


change takes place if-the motion is increased ? 


3. Aliquid is flowing through horizontal capillary tube of length */' and radius ‘r’. Deduce an expressions for the 


rate of flow of liquid through a narrow pipe by dimensional analysis method. 
4. What is critical velosity ? Deduce an expression for it. What is Reynold number ? What is its importance ? 


5. What is Stoke's law for the mention of a small body through a viscous fluid. Deduce it by dimensional analysis 


method. 
6. (a) How does the co-efficient of viscosity of a fluid depends on temperature ? 


(b) What is the difference between terminal velocity and critical velocity ? 


. What is meant by terminal velosity of a falling body ? What is the net force on the body when it falls with 


. A small steel ball is gently dropped into a viscous liquid kept in a tall jar. After some time the ball discends 
. The ratio of lengths of two horizontal capillary tubes is 1 : 4 and the ratio of their radii is 1 : 2. If the pressure 


. What does co-efficient of viscosity of a liquid depend on temperature ? What is stokes law ? Mention its 


15, 


16. 
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. Numerical problems : : 
. A circular plate of side 10 cm is moving horizontally with a velocity of 10 cm / s parallel to another fixed plate 


and both are immersed in water. If viscous force on the plate be 200 dyne and co-efficient of viscosity of water 


di 
be 0.1 poise. Calculate the separation between the plates. [ Hints: F =n A = [ Ans. 0:05 cm ] 
dx 


. A metal plate of area 100 cm? is floating on an oil depth 2 mm. The coefficient of viscosity of oil is 15:5 poise. 


What horizontal force is required to: move the plate horizontally with a velocity of 3 cm/s ? 
[ Ans. 23250 dyne ] 


. A plate of area 20 cm? is separated by a layer of glycerine of thickness 2 mm from large plate. The 


co-efficient of glycerine is 20 poise. How much force is required to move the plate with a velocity of 
1:5 cm sl. [Ans. 3000 dyne ] 


. The length of a horizontal capillary tube is 40 cm and its diameter 0:1 cm. The difference of pressure at the 


two ends of the tube is 20 cm of water. How much water will flow in 10 minutes. 1) of water = 89 x 10^ 
c.g.s unit. [ Ans. 81:06 c.c. ] 


. A capillary tube of length 30 cm and of diameter 2 mm is kept i in a vertical position. A funnel is attached at 


its upper end. A liquid is poured into the funnel so that the a level of liquid above the lowest point of the tube 
is 35 cm. If 2 c.c. liquid flows in 6 minutes and mass of 10 c.c. oil is 9 gm, calculate the co-efficient of 
viscosity of oil. [ Ans. 7:27 poise ] 


. Water having co-efficient of viscosity 10 ~ poise is flowing with a velosity of 50 cm/s through a tube of 


diameter 0:3 mm. Calculate Reynold’s number. Is the flow streamline or turbulent ? [ Ans. K = 750, 
streamline ] 


. Find the co-efficient of viscosity from the following data : Volume of water issuing out through the capillary 


tube = 7:06 c.c. per minute, head of water = 34:1 cm; length of the tube = 56:45 cm; radius of the tube = 
0:0514 cm and g = 980 cm / s? [ Ans. 0:0138 Poise ] 
A tank is full of a liquid of density 0*8 g / c.c. At the bottom of the tank a capillary tube of length 20 cm and 
of inner radius 0:5 mm is connected horizontally. Height of liquid from the tube is 25 cm. If the co-efficient 
of viscosity of the liquid be 0-12 cgs. Calculate volume of liquid flowing out in 2 min. [ Ans. 24 c.c.] 


. A small spherical metal ball of radius 2 mm is dropped into glycerine. What will be its terminal velocity 


sp. gr. of the metal 8:0; sp.gr. of glycerine 1:3 and co-efficient of viscosity of glycerine 8:3 poise. 
[ Ans. 73cms-!] 


. An air bubble of radius 1 cm is rising through a liquid column. If its terminal velocity be 0:21 cm / s, 


calculate the co-efficient of viscosity of the liquid. Given, density of liquid = 1:47 g / c.c. and neglect density 
of air. [ Ans. 1524-4 poise ] 


. A rain drop is falling through air with a terminal velocity of 30 cm/s. The co-efficient of viscosity of air is 


1:8 x 105 Pa-s. Calculate radius of rain drop. [ Ans. 0:05 mm ] 


. An air bubble of radius 0:4 mim is rising through a liquid having Co-efficient of viscosity 0:15 Pa-s and 


density 900  kg/m?. Neglect density of air. Calculate the terminal velocity of air bubble. 
[ Ans. -21 mm/s] 


. A lead short of radius 0:05 cm falls through glycerine with a terminal velocity of 0:648 cm s-!. sp. gr of lead 


is 11:36 and that of glycerine 1:26. Calculate the co-efficient of viscosity of glycerine. [ Ans. 8:486 poise ] 


. Two drops of water of the same size are falling through air with terminal velocities of 10 cm 87, If the two 


drops Coalesce to form a single drop, what will be the new terminal velocity ? [ Ans, 159 cms -! J 
A sphere is dropped under gravity through a fluid of viscosity T]. Taking the average acceleration as half of 


the initial acceleration, show that the time taken to attain terminal velocity is independent of the fluid density. 


2 
4 r^p 
Ans;itsi—7—— 
[ 9 ] 


The velocity of water through a river is.18 km / hr near the surface. If the river be 5 m deep, find the sheering 


F ly 
stress between the horizontal layers of water.: T] of water is 0:01 poise. [ Hints : ju =n ml 
[Ans. 102 N m2] 
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TOPICS : Streamline and turbulent flow; Laminar flow; Equation of continuity; Energy 
of a fluid in steady flow; Bernoulli’s theorem; Application of Bernoulli's theorem; Examples. 


8.1. Introduction : 

In the previous chapter we have considered a very important property of fluid in motion which is 
called viscosity. Every liquid possesses the general property of viscosity. In this chapter we shall be 
concerned with the equations of motion of a fluid through pipes. These equations for a viscous fluid is 
very complicated. But it turns out that many physical phenomena associated with fluid flow are 
satisfactorityly explained even when the effect of viscosity is neglected. Here we make the following 
simplifying assumptions : (i) The motion of the fluid is steady. (ii) The liquid is incompressible and 
(iii) The property viscosity is absent for the liquid. 


8.2. Streamline and turbulent flew : 

Let a liquid flows through a pipe of any shape [ Fig 8.1 ]. A particle of the liquid at the point A 
possesses a velocity V. na the point B velocity is Vy and af the 
point C the velocity is V.. As the liquid continues to flow, 
different particles pass through the point A, B and C at different 
time. But if it so happens that while moving along the path 
ABC, if the successive particle of the liquid possesses velocities 
Va» Vg, Vc when at points A, B and C respectively then such 
an orderly flow of liquid is called streamline or steady flow. In 
à Fig. 81 other words in a steady flow of liquid every particles of the 

liquid follows the velocity and path of its predecessor. 


Definition : The flow of liquid is said to be steady or stream lined if the velocity at every point 


in the liquid remains constant in magnitude as well as in direction. (ERES 
Stream line : A stream line may be defined as the path straight or =o 
curved, the tangent to which at any point gives the direction of flow Uu. mU 


of the liquid at that point. Fig. 82 
For example, the path ABC is a streamline. Evidently two 
—.. Stream lines cannot cross; because if they do, the particle of the 
z> ——— — — —Nu--—-- liquid at the point of intersection will have two different directions 
Fig. 83 of flow. Then it will destroy the steady nature of flow of. liquid. 
For this reason if the liquid flows in a tube of uniform Cross section, 
all the stream lines will be parallel to the axis of the tube. [ Fig 8.2 ] 
When the stream lines are close, the velocity of flow increases. On the other hand, when the stream 
lines are rarified the velocity of flow decreases: 
Tube of flow : A tube of flow is a bundle of stream lines having } 
the same velocity of liquid elements over any cross section 
perpendicular to the direction of flow. Consider an area S ina fluid uu ae ie 
at steady flow. Draw streamlines from all the points of the pheriphery ge 
of S. These stream lines encloses a tube of which S is a cross section. 
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Such a tube is called a tube of flow. As the streamline do not cross each other, fluid flowing through 
different tübes do not intermix. When a liquid flows through a pipe, the pipe itself is one tube of flow. 

Turbulent flow : The liquid flow remains steady or streamline if its velocity does not exceed a 
limiting value, called the critical velocity. When the velocity of the 
liquid becomes greater than the critical velocity for the liquid, the 7 ,. . — | 
particles of the liquid move along a zig-zag path. Now the Ahlina C re T 
bend in an irregular manner causing the liquid to move in disorderly NS, porre 
fashion, often breaking into eddies and whirls. Such a disorderly, iet TW 
churning motion of a liquid is known as turbulence and the flow of Fig. 8.5 
the liquid is said to be turbulent [ Fig 8.5 ] 

In such a motion, the velocity of the particles of the liquid at any point varies with time both in 
magnitude and direction. In turbulent flow of liquid, most of the external energy maintaining the flow is 
wasted in setting up of eddies in the liquid. 


8.3. Laminar flow : 

If a liquid flows slowly and steadily, it behaves as though it consists of a number of layers or laminae 
one above the other. In case of non-viscous liquid, the velocity of all the:particles at any section of a tube 
is same. As the velocity vectors of different particles are equal, for such a liquid velocity profile is plane 

is shown in fig 8.6 (a). On the other hand, in the case of a 


peor viscous liquid, the velocity of the layer at the axis in maximum 
enn and as we go towards the. wall the tube, the velocity of the 
layers gradually decreases and ultimately becomes zero for 


e Fig. 86 e the layer at the wall of the tube. The velocity profile of such 
! a liquid is parabolic as in fig 8.6 (b). Such a flow of the liquid 
is called laminar. The liquid flow becomes turbulent when the velocity of the liquid exceeds critical 
velocity. ` 
Rate of flow of liquid : We consider ideal liquid and its flow is streamline. If the liquid be perfectly 
incompressible, mobile and non-viscous then it is called an ideal liquid. The velocity of liquid at any 
point across any section of the tube is same and equal quantity of liquid flows across any section per 
second. 
Rate of flow of liquid means volume of liquid flowing per second through any section of the tube. 
Suppose an ideal liquid is flowing through a uniform tube 
of cross section ‘a’ and steady velocity of liquid through the v— 
tube is v. It can be assumed that a liquid column of length v 
and having cross sectional area a is coming out of the tube per 
second [ Fig 8.7 ]. Then the volume of liquid flowing out per 
sec Q = volume of that liquid cylinder. Fig. 8:7 
"Qva 
-. Rate of flow of liquid = Velocity of flow x cross section of the tube 
. mass of liquid flowing per second, m = v a p. where p = density of the liquid 


8.4. Equation of continuity : 

The equation of continuity is a fundamental equation of fluid flow and is a special case of general 
form of conservation of mass. When an incompressible and non-viscous liquid flows through a tube with 
a steady velocity then through any transverse section of the tube of flow same quantity of liquid flows in 
a given time. This is called the equation of continuity. 

In figure 8.8 we consider a tube of flow. The liquid enters at P where area of cross section is a, and 
leaves at Q where area of cross section is a». At section P, the velocity of flow is v, and at section Q the 
velocity of flow v». 


Phy ()—32 
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If p, and p, are the densities of the liquid while crossing the sections P and Q respectively. Then the 
-mass of liquid flowing through the section at P is m, = a, Y; Pj ‘ 

Similarly, the mass of liquid flowing through the section at Q is m, = a) V; P2 

P Q Now, from the principle of conservation of mass there can 
be no accumulation of mass any where. So a, v Py = 45 V? P2, 
Since the fluid is incompressible p, = p;. Hence we have 

apy dom 

. av= constant. ..... (8.1) 

This equation is called the equation of continuity for 
streamline flow. It shows that the quantity av remains constant throughout the flow provided it is steady. 
L 
a 
proportional to the area of cross section of the pipe in that section. 

Discussion of the result : The following conclusion may. be drawn from the equation of continuity: 


4, 97 
Fig. 8:8 


Since av is constant, it flows that v &+ so, the velocity of fluid flow at any section of the tube is inversely 


(i) The velocity of flow is small when the cross section is large and the velocity of flow is large, when 
the cross sectional area is small. In a tube there are a large number of streamlines. The streamlines are 
wide apart where the cross sectional area is large, whereas they will be crowded near the narrow end of 
the pipe. Evidently, the velocity of flow increases when the streamlines were close to each other and 
decreases as. the stream lines get away from each other. 


(ii) If a? «aj, v, >v,. It means that the velocity of flow will increase with decrease of area of 
cross section. ; 

Example 8.1 : Water flows through a hose pipe whose internal diameter is 2:0 cm at a speed of 
1-Oms-!, What should be the diameter of the nozzle, if the water is to emerge at a speed of 4:0ms-!? 


Solution : From the equation of continuity a, v, = 4) v; 


nni =r v n 210cm-0-01m 


m*«-n c y, = 10m/s? 
MI T 1 
75/71 Vp v) =4-0m/s 


r= 0-01x |! =0-01%4= 0-005 m 
4 2 


<. diameter of the nozzle, D5 =2r, 20-01 m=1:0 cm 


8.5. Energy of a fluid in steady flow : 

A liquid in steady and streamlined flow can have three kinds of energy. (a) Kinetic energy (b) Potential 
energy and (c) pressure energy. 

(a) Kinetic energy : The energy possessed by a body by virtue of its motion or velocity is called its 
kinetic energy. It m be the mass of the liquid of volume V and density p flowing with velocity v, its 
kinetic energy is given by : 


1 
Kinetic energy of mass ™ 2m 


-. Kinetic energy per unit mass = uum 
2m" 2 


Kinetic energy per unit volume = ip v (p = z) 
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(b) Potential energy : The energy possessed by a body by virtue of its position or height above the 
earth’s surface is called its potential energy. If a liquid of mass m is raised to a height h above the earth’s 
surface, its potential energy is given by 1 : 

: Potential energy of mass m = mgh 

V 7 Potential energy per unit mass = gh 
Potential energy per unit volume = p g h 

(c) Pressure energy : The energy possessed by a liquid by virtue of its pressure is called pressure 
energy. A liquid under pressure can do work and thus possesses energy. 

To obtain expression for pressure energy, consider a liquid in a 
wide cylindrical tank provided with a side tube at the bottom of the 
tank, The side tube is fitted with a frictionless piston [ Fig 8.9]. Let h 
be the height of the water in the tank over the centre of the piston and 
A be the area of the piston and p be the density of the liquid in the 
reservoir. 


Now the pressure on the piston due to liquid in the reservour, P = h - 
p g: It is the excess pressure over the atmospheric pressure. Force 
exerted by the liquid on the piston = PA. So, the work done by the liquid in giving a small diplacement dx 
of the piston is dw = PA. dx 


5 x x 
Hence the total work done for the displacement x of the piston is W = fra dx = PA IE 2PAx-PV 


Where V = Ax is the volume swept by the piston. This work is equivalent to the erfbrgy contained in 
a volume V of the liquid on account of its pressure. ‘ 
Thus, Pressure energy of volume V = PV 
. Pressure energy per unit volume = P 
BY WP 


^ pressure energy per unit mass 775, p 


f 1 
So, the total energy per unit volume of the flowing liquid. — P+pgh+ 5 P y? 


also, total energy per unit mass of the moving fluid zu gh et 

8.6. Bernoulli's Theorem : 

Bernoulli's theorem is a very important theorem in hydrodynamics. By this theorem we can determine 
the relation between kinetic energy, potential energy and pressure energy at different parts of an 
incompressible and non-viscous liquid flowing in a streamlined flow. 

Statement : According to this theorem, the total energy ( Kinetic energy, potential energy and 
pressure energy ) of an incompressible, non-viscous liquid in a streamline flow remains constant 
through out the flow. 

In fact the Bernoulli's theorem is a statement of the law of conservation of energy as applied to fluid 


2 


4 
in motion. Mathematically, for unit mass of the fluid "i + gh+ 28 CONG ADEL rire (82) 


€ - Bernoulli's theorem in terms of various heads 


D v 
The theorem can also be written in the following form : on. +h+ p = constant 


E 


500 A TEXT BOOK OF PHYSICS 


P y ’ 
— and — and h has same dimension of length, 


Pg 
y? P | E em. 
80 57 is known as velocity head m is known as pressure head and A is known as gravitational head. 
& 


So, we can restate Bernoulli’s theorem as follows : : 
In a streamline flow of ideal liquid, the sum of velocity head, gravitational head and pressure 
head is constant. ; 


We shall now consider a few special cases of Bernoullis theorem, 

Case I: Stationary liquid : 

In fig 8.10, a liquid is at rest in a vessel. The velocity of liquid at any 
point in the vessel in zero. At the point A, the pressure is Py where Py is the 
atmospheric pressure. 

At the point B, which is situated at a depth h, below the surface let the 
pressure be P. Hence for the point Av 

P =Po, hj HÀ, vj =0 and - 
for the point B, P; 2 Py t P, =H, v5 =0 


Fig. 8-10 Now, by equation (8.2), BÉ gh +50 = constant 


P Pa +P 
y ptgH+A)+0= a +gH+0 Seed stele atc PE ERE LR f (8.3) 


This relation holds only for liquid at rest. When the liquid is in motion then the pressure at any depth 
also depends on velocity of flow. : 
Case II. The velocity of Efflux of a liquid ( Torricelli's theorem) 
We consider a wide vessel containing liquid. Almost at the bottom of 
the vessel there is a small opening ( or orifice ) through which liquid 
' slowly flows out. [ Fig 8.11]. We assume that the flow of liquid through 
the orifice is so slow that the speed of fall of the surface of the liquid can 
be neglected. F 
We consider a point A on the surface and a point B at the orifice. The 
height of A above the ground is ( H + h ) and height of B is H. Applying 
Bernoullis theorem at A and B we get 
2 


Fig. 8-11 


B P. 
7A. 4 e(H4h) 0-2 Bg Helv 
P P 2 


As A and B are open to atmosphere P4 = Pg = Pp ( atmospheric pressure ) and v is the velocity of 


flow of liquid atB . gh =>" e pram RUE (84) 
It shows that the velocity of efflux through an orifice at a certain depth below the surface of liquid is 
the same as that attained by a body falling from the same height. 
M, This result is known as Torricelli's theorem. 
Case III. Liquid flowing through a horizontal Non-uniform 
pipe 
Consider a horizontal non-uniform pipe through which liquid is 
flowing steadily [ Fig 8.12]. The vertical side tubes M, and M, act 
: as manometer to measure liquid pressures at A and B at the same 
Fig. 8-12 horizontal level. Át A, cross section of the pipe is a,. velocity of the 
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liquid is v and the pressure of the liquid is p; The values of the corresponding quantities at B are a», v; 


I ly oh 
p 2 p 2 


Py =p? -v?) " 


and p}. As A and B are at the same horizontal level 


Since 4; » 45, Y2 >V) Hence P;>P5. Evidently, when an incompressible and ‘non-viscous 
liquid flows through a non-uniform pipe, the pressure of the liquid is lower where the liquid velocity is 
higher and vice versa. : 


8.7. Application of Bernoulli’s theorem : | 

1, Sprayer ; The principle action of the atomiser (sprayer) iS Rubber bulb Nozzle 
shown in fig 8.13. It consists of a rubber bulb fitted to a tube which oF Vertical 
ends into nozzle . The nozzle lies directly above (or near) a vertical = Aube 
tube which is partly immersed into the liquid to be sprayed. When E 
the rubber bulbs is pressed, air 
rushes through the nozzle. Low 
pressure is created near the nozzle. 
Consequently tlie liquid contained in 


the vessel rises in the vertical tube Fig. 8:13 
i and emerges out at the top where it is blown into a fine spay by the air 
Air op y 
hole stream. 


| = ZA a-Gasinlet — 2. Bunsen burner : In bunsen burner, the gas enters through the gas 
quu LU, inlet and emerges out through jet with great speed [Fig 8.14]. A low pressure 
zone is created near the jet and air is sucked in though the air-hole. The air 


and gas mixture rises up and produces a flame, when ignifed. 


3. Blowing: off. of the roofs of houses during storm. 

Very often it is found that in a storm, cyclone or huricane sometimes the light roofs of thatched 
houses are blown off: The reason is— 

When a high velocity wind blows over the roof of a house, pressure of air over the roof suddenly 
decreases and the greater atmospheric pressure below the roof lift it up. " : 


4. Aerofoil ( Lift on an Aircraft wing ) : Aerofoil is the name given to an object shaped in such a 
way as to cause dynamic uplift by virtue of its horizontal motion through air. Due to this upward force the 
aeroplanes fly. ^ 

Fig 8.15 shows a section of a wing of an air craft in the frame of the paper. Its upper surface is slightly 
move curved and hence longer than the lower surface. The front edge A is broader than the rear edge B. 

As the aircraft moves, the streamlines of the air flow curve around the wing at A and meets at B. Thus 
the velocity of air moving over the upper surface is higher than that along the lower surface. Hence by 
Bernoulli's theorem, the air pressure on the upper surface 5 
is reduced and pressure on the lower surface is increased. High speed low pressure 
A resultant upward force known as lift is thus created. 

Examples of aerofoil are aircraft wings, propellors etc. 


5. Venturimeter : It is a device to determine the rate 
of flow of a liquid in a pipe. It is usually employed to 
measure the rate of flow of water in a city's water supply 
mains. Its action depends on Bernoulli’s principle : in a 
liquid flow, the pressure is maximum when the velocity Lift 
is minimum and vice versa. Fig. 815 


Low speed 
high pressure 
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As shown in fig 8.15, a verturimeter consists of three parts (i) a pipe CD of area of cross section a}, 


(ii), narrow short pipe DE of area of cross section a; and (iii) a pipe EF of cross section a). 
Let P, and P, be the pressures at A and B respectively when the velocities of flow are v, and v». 


2 
1 2up WM 2| Y2 
P -P => P (v2 = )zz?" S 
1 


a) 
1 a 
--pvw? Sg al [a 722] 
2 a 


Now from the figure it is clear that, Pj, - P2 -hpg 


Hence rate of flow is obtained from this equation. 

6. Pitot tube : It is also a device to find the rate of flow of liquid. It is 
principle of action is Bernoulli’s theorem and it can measure the velocity of 
flow at any depth. The arrangement is illustrated in the fig 8.16. It consists 
of two tubes P and Q. The ends of the tube have small aperture. The aperture 
of Q is horizontal and that of P is vertical. The two apertures are at same 
level. Applying Bernoulli’s equation on a horizontal streamline AB we get, 


Total energy at A = Total energy of B. 
1 
P+ ;" +pgH=P, +ugH [- velocity of liquid at-B is zero] 


lont 
Fig. 8.16 zt z? Vom P5 - Pj =pgh +» y= [2gh 


€ SHORT ANSWER TYPE QUESTIONS ( With Answers ) € 


Q. 1. Two streamline cannot cross each other explain why ? 

Ans. We know that the tangent at any point on a streamline gives the direction of flow of liquid at that 
point. If two streamlines cross each other, it means that the flowing liquid can have two velocities along 
two different directions. It is contrary to the definition of streamline motion. So, two streamlines cannot 
cross each other. 

Q. 2. Why does a flag flatter, when strong winds are blown ? Explain. 

Ans. When strong wind blows over the top of the flag, the kinetic energy of the wind at the top is 
more than that of air below it. So; the pressure energy of the air at the top decreases. Due to the difference 
of pressure the flag flutters. 

* Q.3. Cars and aeroplanes are streamlined. Explain. 

Ans. Cars and aeroplanes are streamlined. This is done to reduce the backward drag due to atmosphere. 

Q. 4. Why a light ball can remains suspended on a vertical jet of water ? 

Ans. When a vertical jet of water passing by the side of the light ball, the pressure decreases between 
the ball and the jet due to its high velocity. The greater pressure on the other side of the ball keeps it in 
contact with the jet. So, the ball remains suspended. ; 
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Q. 5. An aeroplane runs for some distance on the runway before taking off. Explain. 


Ans. An aeroplane runs for same distance on the runway before taking off. Due to its special shape, 
the velocity of the layer of air above it increases and hence pressure decreases. Due to this, the aeroplane 
get a uplift. 


@ NUMERICAL PROBLEMS e 


Example 8.2: Water flows through a horizontal pipe of varying cross section at the rate of 10 
m? / sec. Find the velocity at a section when the radius of the pipe is 10 cm. 
Solution : The required relation is V = A v 


Here V 2 10 m/s, A-mr = 3:14 x (0-1) 2 = 3:14 x 102 m? 
aie 


Ex. $3: Find the velocity of efflux of a liquid of density 1200 kg m^? from reservoir in which 
the pressure of liquid is 900 Pa above the atmosphere. 


Solution : The required relation P = h p g 
paT ee 
pg 1200x9.8 


;. Velocity of efflux =42gh = 42x9-8x0-0765 =1-22 ms 
Ex. 8.4 : Water flows steadily through a horizontal pipe of non-uniform cross section. If the 
pressure of water is 0-05 m o! 


f mercury column at a point where the velocity of flow is 0-5 ms M 
what is the pressure at another point where the velocity of flow is 0°75 ms ~! ? 


Solution : The required relation from Bernoulli’s theorem is 


1 dos 1 om 
Pi *pghkzpvi c Py +Peh+> pva P, =P, +5P(% -v7 ) 
Ex. 8.5 : Water is flowing through a horizóntal pipe. The diameter of the pipe at the point A is 
60 cm. The tube gradually narrowed down to 


diameter of 20 cm at the point B. If the difference of 
pressure between the two points be 100 cm of water column calculate the rate of flow of water 
through the pipe. 


Solution : As the tube is horizontal, from Bernoulli's theorem we write 


1 
Prio =5(2?-»’) [01 P2 7 1gm/e.c] 


2 2 
n _ (60 
^. nnn = Tryp A „=[2) »=(5) voz9y 


1 Pj- P> 100x980 
P-P => (81v? - v?) = 40." Lai duplicia ee 


= aL: =49:5m/s 
40 
Rate of flow of water = m (30)? x 49-5=1-4 x 10? c.c / sec. 


Ex. 8.6: Water is flowing through a vertical tube of non-uniform cross section. The diameter at 
the upper end is 10 cm and at the lower end is 5 cm. The length of the pipe is 100 cm: If rat 


e of flow 
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of water through the pipe be 10 litre / sec. Calculate the pressure difference at the two ends of the 
pipe. 3 
Solution : From Bernoulli's theorem :- 
2 2 2 
y, P,-P, v-v 
Bal au Fu aa. 2272 (e h) 
peg 28 pg 2g Pg 2g 
Here hy - hj 2 100cm, p-1 g/c.c 
Eau 
vy -Q. 10 =509-5cm/s 
a m(2.5) 
4 
V9 cs EEE oe 127.39 cm/s 
4) m(5) 


P, = P. ; 2 52 
aye Bar 02773) ya GO Sea Tog 503944 100 = = 24 
980 2 x 980 í 


^ Py — P, = 24 x 980 dyne / cm? = 24 gm- wt / cm? 
Ex. 8.7 : A vessel contains liquid of density 1:5 g / c.c. A hole is created near the bottom of 
the vessel. Calculate the velocity efflux of the liquid from the hole. Excess pressure at the hole 


= 10 4 dyne / cm?, 
Solution : Height of the water surface from the hole 7; = = = 
pg 1-:5x 980 


. Velocity of efflux of the liquid =./2gh =42 x 980x 6:8 =115- 45 em / s 
Ex. 8.8 : Pitot tube is connected to a main pipe of diameter 20 cm. The difference of height of 
water levels in the two tubes is 10 cm. Calculate the volume of water flowing / sec through the main 


pipe. 
Solution : Volume of water flowing per sec. through the main pipe, Q=av=a 2 gh 


Q=314x J2* 980x 10 a=n (10)? 2314 cm? 


24-4 x 10* c.c / sec h=10cm, ' g - 980 cm/s? 


Short answer type questions : 


Which class of material is called fluid ? 
What is meant by streamline and turbulent flow of liquid ? 
What is critical velocity ? On which factors its value depends ? 


What is the importance of the equation of continuity ? 
A person standing by the side of a fast moving train feels an attraction towards the train ? 


Sometimes the roof of a thatched house flows off during storm. Explain. 
What is meant by pressure energy of a liquid ? 


State Bernoulli's theorem ? 
State Torricelli's theorem in relation to velocity of efflux of a liquid. 
What is the principle of action of a venturimeter ? What we measure by this instrument ? 


. State the principle of action of pitot tube. What is its utility ? 


SESI AN aD Sm > 


m o 
= 


12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
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How does a spayer work ? 

What is aerofoil ? Where is it used ? 

What happens when velocity of liquid exceeds critical velocity ? 

What is Reynold number ? : 

Why does the speed of a liquid increase, when the liquid passes through a constriction of a pipe ? 
What should be the properties of a liquid to satisfy Bernoulli's theorem ? 

What is pressure head ? and what is velocity head ? 

Why two ships moving in parallel directions close to each other feels attraction ? 


B. Essay type questions : 


m 


KO e-eunrtum 


6. 


. (a) What we mean by streamline and turbulent flow ? 


(b) Obtain and expression for rate of flow of a liquid through a pipe. 


. What is the equation of continuity ? What is its importance ? 

. What is meant by critical velocity of flowing liquid in a tube ? Obtain its expression. 

. State and explain Bernoulli's theorem in hydro dynamics. 

. State and prove Torricelli’s theorem related to flow of liquid through an orifice. 

. Explain the principle of venturimeter for the measurement of volume of liquid flowing through a pipe. 
. Discuss some application of Bernoulli's theorem. 

. Whata Pitot tube ? Explain its action. 


. Numerical problems : 
.. The cylindrical tube of a spray pump is of cross section 8:0 em? one end of which has 40 fine holes each of 


diameter 0:1 mm. If the speed of liquid inside the tube be 1:5 m / min, what is the speed of ejection of liquid 


through the holes. [ Hints: ajv] 7 45v; | [ Ans. 0:637 ms =) 


. The speed of wind on the upper surface of an aerofoil is 70 ms - ! and at the lower surface is 63 ms-!. If its 


area be 1:5 m?, how much lift will be produced ? Density of air = 1:3 kg / m?. [Ans. 907 N] 


. At what speed will the velocity head of stream of water be equal to 40 cm ? [ Ans. 280 cm s^! ] 


2 
v 

[ Hints : mm is the velocity-head ] 
L4 


. The reading of a pressure meter connected to a closed water pipe is 3:5 x 10? n / m?. When the valve of the 


pipe is opened, the reading of the pressure metre drops to 3 x 10/5 N / m?. Calculate the speed of water 
flowing in the pipe. [ Ans. 10 ms ~! ] 


. Liquid is flowing through a narrow horizontal pipe of non-uniform cross section. The velocity of flow is 25 cm 


s^! at the place where the diameter of the pipe is 5 cm. What will be the velocity at the point where the diameter 
is 1 cm ? z 4 [ Ans. 625cms~! ] 
Water is flowing through a pipe of non-uniform cross section ? At the point A its diameter is 60 cm and at 
the point B the diameter is 20 cm. The difference of pressure between the points A and B is 100 cm of water. 
Calculate rate of flow of water through the pipe. [ Ans, 14x 105 cc. s7! ] 
The areas of cross section at different places of a horizontal pipe are different. At à point, the pressure is 1 cm 
Hg and velocity of water 35 cm / s. Calculate the pressure at the point where the velocity of water be 
65.cm / s. e , [ Ans. 0:8875 cm / Hg ] 
The diameter of a pipe are 10 cm and 6 cm at the points where a venturimeter is connected and the pressures 
at the points are shown to differ by 5 cm of water column, find the volume of water per sec flowing through 
the pipe. [ Ans. 3002 c.c. ] 
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TEMPERATURE 


TOPICS : Heat and temperature; Modern concept of heat; Thermal equilibrium; Zeroth 
law of thermodynamics; Thermometers; Mercury thermometer; Different Scales of 
temperature; Triple point of water; Platinum resistance thermometer; Other thermometers 
for measuring high temperature; Examples. 


1.1. Introduction : Heat and temperature : 


Heat is often confused with temperature, but the two are different concepts. If a red hot iron ball is 
dropped into water in a beaker, the temperature of water increases and that of iron decreasing until a 
thermal equilibrium is reached when they both have equal temperature. Hence ‘some thing’ is transferred 
from iron to water. This ‘some thing’ that flows from a body of higher temperature to a body at lower 
temperature is called heat. 

Earlier it was believed that heat was a kind of invisible weightless fluid called caloric. In 1798 
Rutherfort first showed that heat is a form of energy. Then James Prescott Joule by his famous ‘Paddle 
wheel’ experiment proved that heat is a form of energy and it can be converted to other form of energy. 
He also showed that the mechanical energy can be converted to heat. Approximately if 4.18 J of work is 
done | Calorie of heat is produced. 

On the other hand, temperature is the thermal state of a body. When heat energy is given to a body, it 
becomes hot and when a body gives out heat it, becomes cold. When we touch a piece of ice, we feel cold 
but if we touch a piece of burning coal we feel hot. The feeling of hotness or coldness is called 
‘temperature’. Hence if heat is taken as cause, temperature is the effect. 


Definition : Temperature of a body represents such as thermal condition of the body which 
determines the direction of flow of heat, when two bodies comes in contact. 


1.2. Modern concept of heat : 

Heat is form of energy called thermal energy. Thermal energy is due to kinetic energies of the molecules 
of which the body is made. Molecules of an object are always in motion ( vibrational or rotational). When 
an object is heated, its thermal energy increases i.e., its molecules begins to move violently. As a result 
the temperature of the object rises. Thus temperature is a measurable manifestation of the thermal 
energy of a body. 

Unit of thermal energy : In S.I. system unit of heat energy is Joule (J). A joule is defined as the 
amount of work done when a force of one newton acts through a distance of 1m parallel to itself. 


1.3. Thermal equilibrium : 

Two systems are said to be in thermal equilibrium with each other if they have the same temperature. 
There is no net flow of heat between them. Thus temperature is a property, which determines whether the 
two systems will be in thermal equilibrium or not. So temperature may be taken as a thermo dynamics 
property of all systems such that any two systems will be in thermal equilibrium if they have the same 
temperature. - 


1.4. Zeroth law of thermodynamics : 

Statement : It states that if two systems A and B are separately i in thermal equilibrium with a 
third system C, then A and B must be the thermal equilibrium with each other. 

Let the three systems A, B and C are initially at different temperatures. Now, A and B are kept separated 
by an adiabatic wall ( a wall which does not allow heat flow). They are placed in contact with the third 
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system C with a diathermic wall ( a wall which permits heat flow) [ Fig 1.1 1. Evidently, the three 
systems will not be in thermal equilibrium with one another. Here A and C will exchange heat and also B 
and C will exchange heat. After some time they will attain thermal 


x A equilibrium separately. 
$ rd Now the adiabatic wall between the systems A and B are removed. 
2 adane It will be found that there is nó exchange of heat between A and B. It 
F wall means that the systems A and B have also acquired thermal 

s equilibrium. í 
e B We can formulate the above observations in the form of a law 
; which states that when two bodies A and B are in thermal equilibrium 
Fg 1i with a third body C, then A and B are also in thermal equilibrium 


with each other. i 
From this law we can define temperature as a property of a body which decides whether or not it is in 
thermal equilibrium. $ 


1.5. Thermometers : 

Thermometer is an instrument used to measure the temperature of a body. 

Principle of a thermometer : Any physical property of a substance which varies regularly with 
temperature can be employed to measure temperature. For example, (i) increase in volume of a gas (at 
constant pressure) on heating, (ii) increase the pressure of a gas (at constant volume) on heating. 
(iii) expansion of liquid on heating (iv) increase in resistance of a conductor on heating, etc 
are some of the physical properties which are found to vary uniformly over quite a wide 
range.of temperature. f 


1.6. Mercury Thermometer : 

In Mercury thermometer, thermal expansion of murcury is utilised to measure temperature 
of a body. Increase of volume of mercury is proportional to change of temperature. 

Mercury thermometer consists of a capillary tube of fine uniform bore. One end of the 
capillary tube is connected to a cylindrical bulb and the other end: is closed [ Fig 1.2]. The 
bulb and a part of the tube is filled with pure and dry mercury. The length of the capillary 
tube is divided into equal divisions depending upon the scale of temperatures. . 


1.7. Different scales of temperature : 


To measure unknown temperature in degree we require of temperature scale. For this we 
require two conveniently reproducaible temperatures to fix up the value of a degree. These 
two temperatures are called fixed points. This temperature interval is divided into certain 
number of divisions. Each division is called a degree. Different scales of temperature are : 

(i) Celsius scale : This scale was designed by Celsius. For this scale the lower fixed 

` point is 0°C which is the temperature of pure ice at normal pressure and the upper fixed UT. 
point is 100°C which is the steam point at standard pressure. The interval between the ice Bg v? 
point and steam point is divided into 100 equal parts. Each part is called a celsius degree (1°C) 

(ii) Fahrenheit scale : This scale was designed by Gabriel Fahrenheit. This scale is defined by assigning 
32°F to the ice point and 212°F to the steam point. The interval between the fixed points is divided into 
180 equal parts. Each part is called LE 

(iii) Absolute scale of temperature : The temperature of a body in Celsius and Fahrenheit scale may 
be positive or negative. Now from Charles’ law and pressure law it was concluded that — 273°C is the 
lowest temperature possible, because below this temperature pressure and volume of a gas becomes 
negative. Lord Kelvin suggested that on a scale of temperature whose Zero concides with — 273°C, the 
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temperature of a body will always be positive. Such a scale is called absolute scale of temperature and 
— 273°C as the zero of the new scale is called absolute zero. It is denoted by OK. The ice point (0°C) on 
this scale is 273 K and the steam point (100°C) is 373 K on this scale. Any temperature (t°C) on the 
absolute scale is given by T = ( t + 273 ) K. P 


Relation between the three scales : If the temperature of a body on Celsius, Fahrenheit and absolute 
scale of temperature be C, F and T respectively then, 
C-0 F-32 T-273 t 
100 180 100 i 
Evidently, the value of temperature of a body on the absolute scale is always positive. 


c-S(F-32- T-273 Len poa (1.1) 


Example 1.1 : The difference in temperature on morning and evening on a certain day is 18°F, 
Express this difference in (i) Fahrenheit scale (ii) and absolute scale. 


5 
Solution : We know 1? F temperature difference = ris temperature difference 


18°F difference = 2 x18=10°C difference in temperature. 
(ii) The value of the temperature difference on absolute scale is 10 K. 
Ex. 1.2 : What absolute scale temperature be double of the Celsius scale temperature ? 
Solution : Here T = 2C 


Wis eet NM 
OM ge 


1.8. . Triple point of water : 

We see that the lower and upper fixed point of a thermometer were fixed at ice point and steam point. 
Since melting point of ice or steam point are very sensitive to the presence of impurities in water, the 
International Committee on Weights and Measures fixed the triple point of water as the single reference 
point for designing a temperature scale. " 

Triple point of water is the temperature at which pressure and temperature are such that water coexists 
in its solid (ice), liquid (water) and vapour (gas) states. For water, the pressure at triple point is P, = 0:46 
cm of Hg and temperature T,, = 273-16 K ( 0-01°C). Triple point is most suitable as a fixed point for a 
temperature scale because it occurs at a specific value of pressure and temperature. Any temperature on 
absolute scale can be measured by the relation. 


- T2546  .. The required temperature = 546 K 


B 
meti due. (1.2) 
tr 


1.9. Platinum resistance thermometer : . 

This thermometer is based on the phenomenon of increase of resistance with rise of temperature. In 
the case of platinum wire the variation of resistance is uniform with change of temperature. Hence by 
measuring resistance of a platinum wire at different temperatures, unknown temperature can be calculated. - 

Let Rg = resistance of the platinum wire at 0°C 

R jo = resistance of the platinum wire at 100°C and R, = resistance of the platinum wire at any tC. 

R,-R 
3 pp t 0 
Then the unknown temperature on platinum scale is tp RORI Ro x 100 

So, t, can be calculated by measuring Ro, Rigg and R,. This temperature is slightly different from 

Celsius temperature. The temperature on Celsius scale can be calculated by the flowing relations : 


pee Pra 


100 100 
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By platinum thermometer we can measure temperature in the range of ~170°C to 1200°C. 

€ N.B. Below — 170°C germamium resistance thermometer is used. Germamium in a semi conducter 
which resistance’ decreases with rise of temperature. By this thermometer temperature as low as 4K can 
be measured. Helium vapour pressure thermometer can measure temperature down to 0-7 K 


1.10. Other Thermometers for measuring high temperature : 

(A) Thermo couple thermometer : It is based an thermo electric effect. When the two junctions of 
thermo couple formed by joining two dissimilar metallic wires ( say, Sb and Bi) an kept at different 
temperatures, an emf is developed in the thermo couple. The magnitude of this thermo emf initially 
increases with increase of temperature difference between the two junctions of the thermo couple. 

To measure unknown temperature, one junction is maintained at a known fixed temperature and the 
other junction is kept in contact with the body whose temperature is required, Unknown temperature is 


measured by the emf equation: e—a0- be? 
When 0 is the hot junction temperature above the cold junction temperature. a and b are thermo 
electric constants for the couple used. 
Thermo couple thermometer can be used to measure temperature in the range — 200°C to 1600°C. 
(B) Pyrometers : For measuring still higher temperature, pyrometers or radiation thermometers are 


used. 

Radiation emitted by hot body depends on the temperature of the body. So it is possible to. determine 
the temperature of a hot body from the study of thermal radiation. Instruments which work on this 
principle for measurement of temperature higher that 1000°C are known as pyrometers. 

In disappearing filaments type pyrometer, the filament of a burning lamp is viewed in the back ground 

' of hot object ( say, a furnace ). The current in the filament is adjusted, till the filament of the bulbs just 
because invisible. The temperature of the filament and hence that of the hot body is calculated by measuring . 
the current through the filament. ? 


@ SHORT ANSWER TYPE QUESTIONS (With Answers) € 


Q.1. One of the two similarly constructed thermometers has cylindrical bulbs and the other has spherical 
bulbs. Which thermometer will respond quickly to change of temperature ? [ J. E. E. 1987] 
Ans. The thermometer provided with cylindrical bulb will respond quickly to change of temperature. 
Reason : For the same volume, surface area of a sphere is minimum. So surface area of a cylindrical 
bulb is larger than the surface area of a spherical bulb. As a result a cylindrical bulb can absorb heat more 
quickly than a spherical bulb. So a cylindrical bulb thermometer can show the temperature of the body 
quicker than a spherical bulb thermometer. Hence a cylindrical bulb thermometer is more sensitive. 
Q.2. Why we require to know the atmospheric pressure while determining the upper fixed point and 
lower fixed point of a thermometer ? [ J. E. E. 1980 ] 
Ans. Upper fixed point is steam point and lower fixed point is ice point. Steam point is the temperature 
at which pure water boils at normal atmospheric pressure. And lower fixed point is the temperature at 
which pure ice melts at normal atmospheric pressure. These two temperatures depends on super incumbent 
pressure. With increase of pressure boiling of water increases and melting point of ice dicreases. Hence to 
get the correct values of upper fixed point and lower fixed point we require to know the atmospheric 
pressure. 
Q.3. Explain how can you ascertain by a thermometer whether the atmospheric pressure is greater or 
less than its standard value. 
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Ans. We know that at standard pressure i.e., at a prssure of 76 cm Hg, water boils at 100°C. Boiling 
point increases with increase of pressure and decreases with decrease of pressure. From experiment it is 
found that if atmospheric pressure rises or falls by 27 mm of Hg, the boiling point of water increases or 
decreases by 1°C. 

So, if it is found that boiling point of pure water is different from 100°C, we can infer that the pressure 
is different from normal pressure. 

Q. 4, During measuring boiling point of water by a thermometer, the bulb of the thermometer is kept 
in the water vapour just above the water surface. Explain the reason. 

Ans : If water contains impurities it will boil at higher temperature. So, boiling point of impure water 
is higher than 100°C. But at normal pressure, the temperature of water vapour coming out of boiling 
water is exactly 100°C. For this reason, for measuring boiling point of water, the bulb of the thermometer 


is kept above water. 
@ NUMERICAL EXAMPLES 


Example 1.3: A faulty thermometer reads 5° at melting ice and 99° at steam point. When this 


thermometer reads 52° what is the temperature on Celsius Scale ? [ W. B. H. S. ] 
52-5 
Solution : Let Celsius scale reads x°C when the faulty thermometer reads 52°. Then, xo^ 9s 


47 
^ xc: (100-507 -. The requiring temperature is 50°C 

Ex. 1.4: A faulty Celsius thermometer reads -0-5° C at ice point and 100-5*C in steam at 755 
mm Hg pressure. If the thermometer reads 51°C, what is the actual temperature ? Given, boiling 
point of pure water at 735 mm of Hg pressure is 99"C. 

Solution : We know boiling point of pure water at 760 mm Hg pressure = 100°C 

+, Due to fall‘of pressure of 760 — 735 = 25 mm Hg boiling pointt decreases by ( 100° - 99° ) = 1°C 
Due to the fall of pressure of ( 755 — 735 ) or 20 mm Hg boiling point of water increases 


bye - oc ^ Actual boiling point at 735 mm Hg pressure = 99 0:8 = 99-8 C 
Now, let the actual temperature be x°C when the faulty thermometer reads 51°C 
pa Sle (E05) 51-5 _ 515 
^ 99.8 100-5-(-0-5) 101 ^ "101 


Actual temperature = 50.89°C 

Ex. 1.5: A thermometer is calibrated in cm. When the bulb of the thermometer is kept in ice, 
it reads 7-5 cm and reads 23:5 cm in vapour of boiling water. When the thermometer bulb is kept in 
freezing mixwre it reads 3.5 cm. Calculate the temperature of the freezing mixture. 

Solution : Difference in reading due to the temperature rise of 100°C is 23-5 — 7:5 = 16 cm 

16 

*. Due to change of temp. of 1° C difference in reading is 100" 0:16cem/°c.. . (i) 

Let the temperature of the freezing mixture be - 6° C 

<. Due to temperature change of 6? C difference of reading is 7:5 — 3:5 = 4 cm 


4 X 
. for 1°C ee change, aa in reading = ee fi Circi put (ii) ) 


7 from (i) and (ii) $7 20.16 . 29-0 
*. Temperature of the freezing S =-25°C 


. Phy ()—33 


=25°C 
e 
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A. Short answer type questions : 


What is heat ? Why is it called a form of energy ? 

Define SI unit of heat. 

What is temperature ? Is it an energy ? 

What are the difference between heat and temperature ? 

Which physical quantity determines the direction of flow of heat ? 

What is meant by thermal equilibrium ? ` 

State Zeroth law of thermodynamics. 

What is the principle of thermometric measurment ? 

What do you mean by upper and lower fixed point of a thermometer ? 
. What is absolute scale of temperature ? Mention its relation with celsius scale. 
.' Define triple point of water ? What is the pressure and temperature at triple point of water ? 
. State the principle of platinum resistance thermometer. 
.. Which thermometers are used for measuring very high temperature ? 
. What is a pyrometer ? 
15. How can you measure the temperature of a furnace ? 


m .unmeggueuus»itr 
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Essay type questions : 
1. (a) What is the modern concept of heat ? 
(b) What is the relation between heat and temperature ? 
2. Mention different scales of temperature you have read. Give the relation between these scales of temperature. 


3. What is a platinum thermometer ? Mention its principle of action. How platinum scale temperature is converted 
to celsius scale temperature ? 


4. Mention the principle of action of thermoelectric thermometer. At what range of temperature it is used ? 
5. What is a pyrometer ? Name one such instrument. How does it measure the temperature of a furnace ? 


C. Simple numerical problems : 


1. At what temperature Celsius and Fahrenheit scale gives same reading ? [ Ans. — 40°] [ W. B. H.-S. 785 ] 
2. At what temperature reading of Fahrenheit scale be 5 times the reading of Celsius scale ?[Ans. 10°C or 50°F] 
3. Normal temperature of human body is 98-4° F. Express it in celsius degree. [ Ans. 3689? F ] 
4. The lower and upper fixed point of thermometer are 0:5? and 101°. What will be its reading at 100°F ? 

1 [ Ans. 38.47 C ] 
The lower and upper fixed point of faulty thermometer are 0:5 and 105:5*. When this thermometer reads 
52:5*. What will be the reading of celsius scale ? [ Ans. 49:52*.C] [ W. B. H. S. 783] 
The fundamental interval of a thermometer A is divided into 80 equal parts and the fundamental interval of 
another thermometer is divided into 120 equal parts. Lower fixed point of A is 0° and that of thermometer 
B is 60°. When the reading of B is 100°, what will be the reading of A ? [ Ans. 266°] 
The resistance of a platinum resistance thermometer is 2:56 Q at 0°C and 3:56 Q at 100°C. When the 
thermometer is immersed in a liquid, its resistance is observed to be 5-06 Q. Determine the temperature of 


the liquid. [ Ans. 250°C ] 
D. Harder numerical problems : 


2 
1, What a thermometer is taken from the melting ice to a warm liquid, the mercury level rises to z*th of 


5 
the distance between the lower fixed point and upper-fixed point. Find the temperature of the liquid in °C 


and K [Ans. 40*C, 313 K] 
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A certain constant volume gas thermometer using helium records a pressure of 20-0 kPa at the triple point of 
water and a pressure of 14:3 KPa at the temperature of solid carbon-di-oxide ( or dry ice ) Calculate the 
temperature of dry ice. I 


(Hint: T= Tp x—— ] ; [ Ans. - 78°C ] 
P. 
tr 

The resistance R of the wire of an electrical resistance thermometer at tc is R = Ro (1 + at) When Ro is 


the value of R at 0°C and œ is a constant. The resistance at the triple point of water is 101-6 Q and that at 
600:5K is 165:5 Q. What is the temperature when the resistance is 123:4 Q ? [ Ans. 1 129° C ] 
Two thermometers one graduated in celsius scale and the other in Fahrenheit scale are dipped one after 
another in two different baths. In both the cases the difference of readings of the thermometers is 20. If the 
temperature of the boths are different, find their values in celsius scale. [ Ans. - 65° and -15°] 
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TOPICS : Exapansion of solids; Coefficient of linear expansion; Coefficient of supercial 
expansion; Coefficient of volume expansion of a solid; Relation between the three expansion 
coefficients; Change in density of a solid due to change of temperature; Thermal stress; 
Practical application of a expansion of solids; Correction for expansion of metallic scale 
measuring length; Loss or gain of time by a pendulum clock; Compensated pendulum; 


Examples. 


2.1. Introduction : ; . 

In general a substance — be it solid, liquid or gas — expands on heating. It is called thermal expansion. 
However this expansion is not same for the three different states of matter. For the same temperature rise, 
gases expands most, next comes the liquid and solids expand least. A solid body having its definite shape 
has (i) linear (ii) superficial and (iii) cubical expansion. On the other hand, liquids and. gases have only 
cubical expansion as they have no definite shape. 


2.2. Expansion of solids : 

Most solids expand on heating. Metals like copper, iron, brass etc show marked expansion on heating. 
As solids have definite dimension we consider three types of thermal expansion of solids. 

(i) Linear expansion or expansion in length. 

(ii) Superficial expansion or expansion in surface area. 

(iii) Cubical expansion or expansion in volume. 

(i) Linear expansion : If the solid is taken in the form of a bar or a wire, its length is much greater 
. than cross section, When it is heated, it expands along its length and expansion perpendicular to its length 
is negligible. Such expansion of a rod or a wire is called linear expansion. 

(ii) Superficial expansion : If the solid is taken in the form if a thin plate, its thickness is much less 
than is length or breadth. When itis heated expansion of thickness is negligible compared to the expansion 
of length and breadth. Such expansion of a plate is called Superficial expansion: 

(iii) Cubical expansion : If the solid be such that its length, breadth and thickness are nearly equal or 
equal to each other, when it is heat, it will expand in all the three directions. So here expantion of volume 
takes place. It is called cubical expansion. 


2.3. Coefficient of linear expansion : 


Let the length of a wire or rod be L, at t,°C. It is heated to t,°C ( t > tj ) when due to linear expansion 
the length becomes L,. It is found that increase in length is 


(i) directly proportional to the initial length i.e. (L,-L)«L,..... (i) 
(ii) directly proportional to the rise in temperature, (L, - Li) & (=t)... (ii) 
Combining (i) and (ii) , (L,-L,) aL, (t - t) 
(L, -L,) = GER 5) sordes (2.1) 
œ is coefficient of linear expansion. 
AMERA AEE (2.2) : 
Where we put ( L, — L, ) =/( linear expansion ) and t = t,-t;themL,=L,(1+at)...... (2.3) 


jt Increase in length 


Definition of Œ : from equation (2.2 ), œ oa ee 
Lt intial length x rise in temp. 
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Coefficient of linear expansion of a solid rod is defined as the increase in length per unit initial length 
per unit rise in temperature. 

Unit of a : In cgs system the unit is *C-! and in SI system it is K ~! 

Example : æ for brass is 18 x 10 -6° C -! or 18 x 10 © K ~, It means that if a brass rod of 
length 1 m is heated to raise its temperature by 1°C ( or , 1K), its length will increase by 18x10~ m. 


. (24) 


coefficient of linear expansion for a number of material are shown. 


Material o (C-!) Material a (C) 

` Iron 12 x 10% Zinc 268 x 1076 
Copper 167 x 10-5 Platinium 89 x 10-5 
Silver 18:8 x 10% Brass 18 x 10-6 
Aluminium 25:5 x 10° Invar 0:9 x 10-5 


Ex.2.1: The length of a brass rod at 30°C is 150 cm. What will be its change in length if brass 
rod is heated to 100° C ? a of steel = 18 x 10-6 °C. 
Solution : The required relation, l= L at 
Here L = 150 cm, œ = 18 x 10% °C and t = 70°C 
` 12150x 18 x 105 x 70 = 1:5 x 0:18 x 070 = 0:189 cm = 1:89 mm 
Ex. 2.2: At 0°C, an iron rod and a brass rod measure 30-1 cm and 30:0 cm. At what temperature 
will they be just equal in length ? Coefficient of linear expansion of iron = 12 x 10 -5 °C and that of 
brass is 18 x 10 © °C. $ 
Solution : Let the two rods be equal is length at t'c. 
-. For iron rod : L; = L; (1 +o t) and for brass rod = L^; = L^, (1 + Of) 
By question, Lj =L; < Lj (1+ og) =L (1 + oy) 
Or, 30:1 (1 + 12 x 10$ t) = 30 (1 + 18 x 105 1) 
(30:0 x 18x 10 © - 30:1 x 12 x 10-5) + = 0-01 
(30-0 x 18 — 30:1 x 12) r= 10^ 
t= des =55-93°C So, the required temperature = 55-93*C 
2.4. Coefficient of superficial expansion : 
Let S, be the surface area of a solid at t,°C and its surface area bécames S, when it is heated to 1,°C 
(S,-S,) a S, and (S, - $,) & (5 - 4) 
(S,-S,)=B S (+); B is called coefficient of superficial expansion. 


' Increase of'area se BIS PP uem vv nM (25) [t-t,=t)- 
SoS) MERE pue eire wee 2 ( 2.6) 
€ Definition of B: From equation ( 2.5), B 


s B increase in surface area 
Be Sit S ^ initial surface area x (rise of temperature) 


518 A TEXT BOOK OF PHYSICS 


So, Coefficient of superficial expansion of a solid is defined as the increase of surface area per unit 
surface area per unit rise of temperature. 


9 Unit : As in the case of linear expansion, the unit of B does not depend on the unit of area. Its 
unit is °C -! in cgs and k in SI system. 
© Dimension of Bis( T] -! 
1 
In the notation of calculus, B =—.— 
s dt 


B of iron 24 x 10 -6/ °C means that if the temperature of a solid of area 1 cm? is heated by 1°C, its 
area will increase by 24 x 10% cm? 


2.5. Coefficient of volume expansion of a solid : 
Let V, and V, be the volumes of the solid at t,?C and 1,°C ( t, > 1) respectively. It is found that 
(V5 - Vy) & V, and (V, - V) & (t5 — t,) 
^ (V2-V,) @V, (65-1) ^ V,-V = 7-4) 
y is called coefficient of volume expansion. 

. Expansion in volume, v = Vivt [t= (feci od sora silt e s EZS) 
also V =V, (1 y£) DUC AR TENET RE NEN (2.6 ) 
* Definition of y: From equation (2.5), das vi 

increase in volume 
i» initial volume x rise of temperature 


So, the coefficient of volume expansion of a solid is defined as the increase in volume per unit volume 
by unit rise of temperature. 


Unit of y : Its unit does not depend on unit of volume. Its unit is ° C -! in cgs and K~ in SI. 

Dimension of y is [ T ] >! i 

The Coefficient of volume expansion of iron is 36 x 10% / ° C means that when the temperature of 
lc.c iron is raised by 1°C, its volume will increase by 36 x 10 c.c. 

2.6. Relation between the three expansion coefficients : 


(i) Relation between o and B : Let the length of each side of a square metal plate is L}. 
It volume is S, = L,? 


Now, the temperature of the plate is now raised by t°. 
The length of each side of the plate because, L5 =L; (1+ o4) | 
and its surface area is $5 =S} (1 + Br) = DA 


SU Bo =L)7(1+ a1)? =S,(1+ 20 0277) 


1+Br=1+ 20% [ neglecting at? as it is small] +. B=20...... G) 
(ii) Relation between œ and Y: Consider a metal cube of side L,- Then its volume V= Ij Its 
temperature is raised by t°, when the length of each side becomes L,. Its volume is now, Vy Ee 
Vi (1 + yn 2 Lj? (1 + ap? 


Vi (1 * yn =V, (1 + 3ot + 302 + 03/5) 


1+ yt 1-304 [ neglecting to terms containing o? and o? as they are small ] 
~ y=3a 
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Hence from (i) and (ii), œ= £ eL eer bol ace (2:7) 
€ Calculus method for obtaining the relation between œ, B and y 
Let at temperature f^, the length of each side of a solid cube is 7. 
Then area of each face is s = Ê and volume V = P. 


is Ms , ds dl dV. 2dl 
Differentiat th tt —=2/— eee Er 
ifferentiating with respect to t we get 77 2 and zh T 
If B be the coefficient of surface expansion of the cube then 
Ldsswo di tdl 1 dl 
So = 2 — =2.-— = 2a |:«-2-— 
B sdt [2 dt 1 dt [ 1 A 
B= 20 
5 1 3 : dv |l ,2dl 
Now, if y be the coefficient of volume expansion of the solid then, Y —— 7-—-3- 3m 
: Vd P dt 
1 dl Box 
=3.-—=30 ., Y= SQ @=>=— 
Laer a Tet JEE 


Example 2.3 : The length and breadth of a metal plate at 0°C are 40 cm and 10 cm. At 100°C 
area of each plate rises by 1-5 cm?. Calculate the values of coefficients of surface expansion and 


volume expansion of the metal. 


sS 
Solution : Coefficient off surface expansion is B 7 — 


St 
Here S = 40 x 10 = 400 cm?, s = 1-5 cm? and t = 100° C 
1.5 a 
= ———- = 3-75x 10 1 
P= 390x100 3 


i > 3 - 4 
*. Volume expansion coefficient, Y 35 EN ot 2 % 3-75 x 107 25.625 x10 " cl 


Ex. 2.4 : The volume of glass flask at 10°C is 500 c.c. At what temperature its volume will 
become 500-5c.c. The coefficient linear expansion of glass is 45 x 10-°/°C 
Solution : Y = z [ t = rise in temperature ] 
Here, v = 05 cc, V=500cc, Yy-2135x10-9/*C 
In 0-5 
Y 500x13-5x10~° 


XS 774.07. 9. qme required temperature = 74-07 + 10 = 84:07*C 
2.7. Change in density of a solid due to change of temperature :' 
Due to change in temperature, volume of a body changes. As mass remain unchanged, with change in 


volume density of the body also changes. 
Let V, be the volume of a body of mass m at f,° and its volume becomes V5 at ^» ( f > ti). If p and 


hioa pill 


p, be the densities at these two temperatures, then P17 Vi v3. 
V Vi 
Pr. rl nes sh) 
OPEN SD 
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P2 =P} (+y =p; (1-yż) [As yis small, terms of higher powers are negligible ] 


pot pr (Lyr) 1 ND ee EEA (2.8) 
2.8. Thermal stress : 


An enormous force may be called into play when a solid expands or contracts. If the ends of a rod is 
rigidly fixed so that with change of temperature, the expansion or contraction of the rod is prevented, 
tensile or compressive stress in developed inside the rod. This stress produced due to temperature variation 
is called thermal. Stress : 


It can be calculated as follows : 


Let L = initial length of a rod; 
A - area of cross section of the rod; 
t = increase in temperature of the rod; 
€ = , Coefficient of linear expansion of the material of the rod; 
Y = Young's modulus of the material of the rod; 


-. The increasé in length, L= L o t 
If the rod is now cooled to its initial temperature, it will contract and tries to have its initial length. 
Now let a tensile force F is applied to prevent its contraction. Now, from Hooke's law in elasticity, 
Y- longitudinal stress .E/A -FL 
longitudinal strain //L AJ 
X dut: s - F=YAot  .. Thermal stress e You (2.9) 
"Aber Farag aea 
Example 2.5 : A steel bar is rigidly fixed at its two ends. If its temperature is raised by 30°C, 
what thermal stress is developed. Given, a of steel is 1-1 x 10-5 °C -! and Y = 2:1 x 10 ? dyne / cm? 


Solution : Thermal stress = Y ot = 2-1 x 102 x 1-1 x 10-6 x 30 = 693 x 10 ê dyne / cm? 


2.9. Practical Application of expansion of solids : 
When a solid is heated and it expands and when cooled, it contracts. In some cases expansion serves 
useful purposes and in some cases undesirable. We shall discuss some instances briefly. 
(A) Advantages of thermal expansion : 
(i) Steel plates of bridge, ships are hold together by rivets. Rivets are fixed while hot and on cooling 
they contract and make a. very firm joint ( fig 2.1) 


(ii) Glass stoppers often stick to bottles, too tightly to be opened 
-ip by ordinary means. In this case the mouth of the bottle is carefully 


Fig : 2.1 heated. The mouth of the bottle expands and the stopper comes out 
easily. Similarly tightly fitted metal cap 
is opened by slightly heating the cap itself. Inverter __— Brass 


(iii) Metal tyres to be fitted on cart wheels are so made that its inner 
diameter slightly smaller that the outer diameter of the wheel. Metal tyres 
are heated. It expands and then easily put on the wheel. The metal tyre is. 
now cooled. It shrinks and fit on the wheel tightly. This method is also 
used to fit wheels on axles. 

(iv) Bimetallic strip and thermostat : When a metallic strip is heated 
it bents . This properties of bimetallic strip is utilised in the construction of 
thermostats. Thermostat is an automatic switch which closes when the 
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temperature reaches a certain value and opens when it reaches another. A simple form of thermostat is 
shown in fig 2.2. The bimetallic strip usually consists of invar and brass. If the temperature is low the 
bimetallic strip is straight and makes electric contact between A and B. The brass side of the strip faces 
the contact to the electric circuit of the heater. With the rise of temperature to the desired value the strip 
bend outwards and the contact is broken when the temperature falls the strip straightens and closes the 
circuit again. à 

By adjustment, the temperature can be maintained constant at any desired value. Electric oven, electric 
irons and electric water heater etc are fitted with such thermostats o 5 

(v) Bimetallic thermometer : We know that the property of 
a material which depends on temperature can be utilised for the 
construction of a thermometer (Fig 2.3) shows such a thermometer, 
made up of bimetellic strip of brass and invar bent in the form of 
an arc. One end A of the strip is fixed and the other end B is 
attached to the pointer C which can move over a scale graduatéd 
in degree. Coefficient of linear expansion of brass is large and it 
lies on the outerside of the strip. So when temperature rises the 
strip bends more and the pointer moves to the right. But if the 
temperature decreases, the bending of the strip decreases and the 
pointer moves towards left. 


(B) Disadvantage of thermal expansion : 
(i) In railway lines, a small gap is left between two successive rails to allow free expansion of 
Fishplate Gap the rails when heated in hot summer days. Otherwise a large 
im force is developed and rail lines may buckle. A fish plate joins 
each gap with the help of iron bolts. Bolt holes are made oval 
shaped. It is done to allow expansion of rails along its length. 
(ii) The metal beam | S| N T 
supporting a long bridge YA MIAN 
are not firmly fixed on N Z 
each pier [ Fig 2.5]. One end of the bridge is fixed while the other 
end is mounted on rollers to allow expansion or contraction of the 
beam. 

(iii) A metal scale can not give correct reading at all 
temperature due to change in length of the scale with change of temperature. The scale gives correct 
reading only at the temperature at which graduation is made. To Get correct length, correction has to be 
imposed on the measured reading [ vide Art. 2.10] 

(iv) The time period of a pendulum clock is directly proportional to the square root of effective 

` length of the pendulum. If the length of the pendulum increases, its time period will increase and it will 
go slow. On the other hand if the length of the pendulum decreases, its time period will decrease and the 
pendulum will go fast [ vide Art. 2.11 ]. 

In order to avoid this difficulty pendulum rod of a clock may be made of invar whose coefficient of 
expansion is very low. In accurate clock, the pendulum rod is made of two rods of different metals so that 
with change of temperature effective length of the pendulum remains unchanged. This arrangement is 
called compensated pendulum [ vide Art. 2-12]. 


2.10. Correctioin for expansion of metallic scale measuring length : 


Y H 
A metal scale gives correct reading at a temperature at which it is celebrated. At higher temperature 
the distance between the graduations of a scale increases. So, in this case, measured length of a rod will 
be less than actual reading. On the other hand, at lower temperature, the measured length will be greater 


Fig. 25 
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than the actual length as the distance between the graduations of the scale will now decrease. Hence for 
high accuracy in reading a correction is necessary. 

Let the metal scale be correct at t,?C and at this temperature the distance 
between two graduations A and E is J, cm. Let at t,°C ( t, > t, ) the distance 
between the two graduations will be /, = l, (1 + of) where o = Coefficient of 
A linear expansion of the metal and t, = a = ^ But the reading of the scale remains 
unchange at /,. 


l ; Hence, fie actual length at t,°C is / = measured length by the scale x (1 +œ t) 

BHB 4 B po, I PAG UO n aec Seti utet e itp tuna iie (2.10) 
Example 2.6 : A metal scale made of steel is correct at 5°C. The length 

Fig. 26 of a rod is measured by this scale at 20 °C. What is the error in the 


measurement ? Calculate the actual length of the rod. The coefficient of linear 
expansion of steel = 12 x 10% *C-!. 


Solution : The relation | = Im ( / + œt ) [ Vide equation (2.10) ] 


. Error, Al 21-1, = 1, 0t Im 2 100cm : 
Al =100x 12 x 10$ x 15 a=12x107°/°C3 
= 0018 cm t= 15°C. 


Actual length at 20°C = 100-018 cm 


2.11. Loss or gain of time by a pendulum clock : 

The time period (T) of a pendulum clock depends on its effective length /. It is found that T o vi 

Let it gives correct time at 4°C when the effective length of the pendulum rod is /, and the correct 
time period is T,. 

Now, at Medus LC, effective length is l, and corresponding time period is Tj. 5, > l T; > T, 

$ he oe 1,(1+ ar) -(1 ar)! c 
Ti h h 

When a is the coefficient of linear expansion of pendulam rod 
pa Vea he 

Ti sE 
It is the loss of time per sécond. Hence the loss of time per day is 


T-T 
AT T L x 86400 = = a x 86400 4 ATENO ones 330b (2.11) 


T 1 
——-1le—ot [asat<<1] 
Tj 2 


Ex. 2.7 : A pendulum clock gives correct time at 20°C, If the temperature be 40°C, how much 
time the clock will lose or gain per day ? Coefficient of volume expansion of iron = 36 x 1076 °C-! 
[W. B. H. S, 1992] 
Solution : From the equation (2.11) AT = 4320007 
*. loss of time per day, AT 243200x12x1079 x20 [ «= 12 x 10-5 /*C ] 
AT 210-36 sec ~. the clock losses 10-36 sec in a day. i 
2.12. Compensated pendulum : 


It is a type of pendulum of which the effective length is maintained constant inspite of the change of 
«temperature. Such a pendulum will give correct time in all season as time period T is proportional to the 
square root of length (/) of the pendulum rod which is constant. 
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The principle of compensated pendulum is explained in fig 2.7. Here two rods of different metals A 
and B are joined at the bottom by a rigid horizontal plate C. The pendulum bob is attached to the top of 
B. If the downward expansion of A equals the upward extension of the other rod : 

B, the effective length of the pendulum will remain unchanged. The effective [9] 
length of the pendulum is / = OG. T 

The effective length of the pendulum will remain constant if Al} = Al) 1 

A |, = linear Expansion of length of A = 1, ot 

and A J, = linear expansion of B = l, 0 t A 

Here /,, l, are the lengths of the rods and qt, ct, are the coefficients of linear 
expansion of the rods A and B respectively t is the rise of temperature. , B 
Jie C 
h Oy 
Note that the condition of compensation is independent of tamperature. Fig. 277 


Hoyt = Dot 


Example : If the rod A is made of iron of 9, =12x 10-©/°c7! and the rod: B is made of brass 
h 18x10 3 


having œ; — 18x 10-6 /» C^ , then ratio of the two lengths, di x10 $ ty 


€ Compensated balanced wheel : 


In watches balance wheel is used instead of pendulum [Fig 2.8]. Here the movement of the hands is 
controlled by balance wheels which execute rotational oscillations under the elastic control of a spiral hair 
spring. The time period of oscillation depends on the effected distance of 
the rim of the wheel from the axis of rotation called the radius. So, to keep 
the time period constant the radius of the wheel should be kept constant 
with rise or fall of temperature. For this purpose bimetallic strips are used 
in constructing compensated balance wheel in a watch. 
A compensated balance wheel is made by dividing the rim into three 
- portions, each portion being made of a bimetallic strip. The strip is generally 
made of brass and steel. The brass is placed on the outside layer and has 
larger expansion coefficient than that of the inner layer of steel. One end 
of each portion is connected to a rod and the other end carrying a small 
Fig. 28 heavy screw. When the temperature rises, the strip bends inwards, 
compensating two outward expansion of the rods which tends to increase the diameter of the wheel. 
Consequansly the screw remains at the same distance from the centre of the wheel and keep the time 
period unaltered. 


© SHORT ANSWER TYPE QUESTIONS ( With answers) -| 


Q. 1. What is meant by the statement ‘Coefficient of linear expansion of iron is 12 x 1075 / °c"! 
What will be its value in Fahrenheit scale ? : 

Ans. See Art. 2.3 

Q. 2. It is claimed their the difference in length of an iron rod and brass rod is always constant 
at all temperatures. How is it possible 3 : 

Ans, It is possible only when the lengths of the two wires are in the inverse ratio of their coefficient 
of linear expansion. - 


524 A TEXT BOOK OF PHYSICS 


Proof : The difference in length of two;tods will remain constant if for the same temperature rise their 
expansions are equal. i.e. Al, = Al, 
1,82, 
21, Qt=h@¢ DS i 
Here 1}, l, are the lengths of the two rods and 04, Œ, their expansion coefficients and t is the temperature 
rise. 
Q. 3. A bimetallic strips form of a brass plate and an iron plate of equal yolume. What will 
happen if it heated ? [ J. E. E] 
Ans : With the rise of temperature the bimetallic strip will bent. The brass plate will remain on the 


outer side and the steel plate on the inner side. 
_ It happens due to unequal expansion of the plates and for the same temperature rise brass expands 


more than the steel plate. 

Q. 4. What will happen if the bimetallic strip is cooled instead of being heated ? 

Ans. In this case also the bimetallic strip will bend. Now, the steel plate will remain on the outerside 
and the brass plate on the inner side. It happens because for the same temperature fall, brass contracts 
more than steel. 

Q.5. A platinum wire can be easily sealed into glass rod. But a copper wire can not be sealed. 
Explain. 

Ans. Metallic wire is sealed into a glass rod at high temperature. But unequal éxpansions of glass and 
many metals makes it impossible to seal a metal wire such as copper and iron into a glass rod. Platinum has 
very nearly the same expansion coefficient as glass and so can be easily sealed into a glass rod. 

Q. 6. An iron rod is connected along a diameter of an iron ring. If the system is heated will the 
ring remain circular or not ? [ J. E. E. 1995] 

Ans, The ring will remain circular inspite of temperature rise. Explanation : Let o be the temperature 
coefficient of iron and initial diameter of the ring be D. Then the length of the iron rod is also D. 
Circumference of the ring = nD 

Circumference of the ring _ nD 
diameter of the rod D 

Now, let the temperature of the system is raised by t'c. d 

*. Final circumference of the ring = x D ( 1 + œ t ) and final length of the rod=D(1+at) 

present circumference of the ring _ nD (1+at) _ E 
present length of the rod ~ D(itot) . 

Hence the ring will still remain-circular. 

Q.7. Two metal rods of different material have same length and cross section. These two rods are 
fixed along the length on two walls. What is the relation between the Young’s modulus and coefficient 
of linear expansion so that the positive of the interface of the rods does not change. [ J. E. E '89] 

Ans. The two rods are fixed along their lengths. Inspite of the rise of temperature the position. of 
interface will not change if for a certain rise in temperature thermal stress on both the rods are equal. 

eae et 2. 
Yjo,f2Y505: [t= temperature rise] ** You dg 


=u 


€ MISSCELLANEOUS EXAMPLES € 


Example 2.8 : The distance between two railway stations is 240 Km. In that region, the minimum 
temperature in winter is 8°C and maximum temperature is 48'c what allowance in length be allowed 


EXPANSION OF SOLIDS 525 


ina rail line between the two stations so that it will not buckle. The coefficient of linear expansion 
of iron | = 12x 10 -5/*C : [ W. B. H. S. 1986] 

Solution : Let the required allowance in length be J cm 

Then IsLat L 
24 x 106 x 12 x 10% x 40 t 
11520 cm = 115:20 m 

Ex.2.9: The difference in length of two rods is constant at all temperatures. Calculate the ratio 
of the lengths of the two rods at 0°C. The coefficients of linear expansion of the rods are 2 x 105°C 
7! and 4 x 105 °C"! 

Solution : For a given temperature rise expansion of the rods will bé equal. 


SAWTAL = dÓtsbe;t 


240 x 10° cm ; 
40°C. 


nou 


Wow uw 


h O4 2x10? 
Ex. 2.10 : A brass scale is correct at 20°C. The length of a rod at 45°C measured by this scale is 
50 cm. Calculate the actual length of the rod at 0°C. Given, o: of brass = 18 x 10 -5 / °C and that of 
the rod = 15 x 10% / °C. 
Solution : Let L be the actual length of the rod at tC — ~. lj = lg Cl Osce t) 


» [p= 50x (1 + 18x 10% x 25) la = 50cm, & sae 7 18 x10 %/°C 
= 50:0225 cm C EE a5 0C 
; Lal 50-0225 50-0225 
It's actual length at 0°C is fy =—— =———__ = 49988 cm 


T+O;,4f 1415x10°x45 1+675x10° 


5. The required length is 49: 988 cm 
Ex. 2.11: Three thin rods of equal length for an equilateral triangle P Q R. Another rod joins P 
and the middle point S of the rod Q R. Show the system will not buckle for a small rise of temperature 


; 1 
if the coefficient of linear expansion of the rod PS is 3 (40 — B). Here œ = coefficient of linear 


expansions of the rods PQ and PR and that of the rod QR is p. 
Solution : The situation is shown in fig 2.9. Initial length of each. rod is l 


2 
S steep: i p 
oo (PS) =1 (5) a! rc Ae AGI TEETE debe (i) 


Let the coefficient of linear expansion of PS is œ and Ar be the small rise 


in temperature of the system. 
l 


Final length of PQ = l (1+ @œ.Af). Final length of QS. = tB At) 


and final length of PS = PS (1+ o4. Ar) 
Fig: 2.9 
If the system does not buckle 


7 
[Ps(1+ aA) 220 o. An? -50 +B. At)? 


2 
PS?(1 + 201) At) =/2(1+ 2.a.A4)——(1+ 2B. Ar) 
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1 
+P *2a,u) «P raan- 0 6 280. 


ym A 
neto mI 2n 3 


D guo ndn ZI y aita - 0) 


Ex 21: Three rods of equal length at ("C form an equilateral triangle ABC. The coefficient of 
linear expansion of AB is a and for the other two the coefficient is B. What is the increase in value of the 


ange Cec ? [ J. E. E. 1998) 


Solution | ^i OFC each angle of the tangle ABC is È 
‘The coefficient linear expansion of AB is @ and those of AC and BC are f 


Let at C AB a AC = BC = Ly NC, OA = È (Fg 2.10) 


ce 


^ ACC ON = Bras) and A'C' = LL fe) 


N LP 
UM — Now, from the triangle A'OC' we get m (Ee6)e I TA 


small angle ] 


! Ji lea 
h inai ned "Tap: As 0 is small, sind = 0, cos = 1 


LU Fd lea | a- 
1*1 3048 " ERUIT 

ua- 

. Increased value of angle exc 
Ex. 2.13 : A thin steel ring is heated to a temperature of 95°C, At this temperature it just 
fits over a steel cylinder of diameter 10 em at 20°C, If the system is allowed to cool until the 
temperature of both the ring and the cylinder is 20°C, What will be the stress in the ring 7 
Assume that the cylinder does not change in diameter. Young's modulus = 21 x 10 kg / em? 
and coefficient of thermal expansion a=12x10- *C7! [ J. E. E. 1986 ] 
Solution + As the temperature is lower from 95*C to 20°C, the ring will try to contract. But it is 
prevented and so a thermal stress is generated. Evidently, the thermal contraction of the ring will be equal 

to its clastic elongation. : 

Now, if the circumference of the ring be L at 95*C, its contraction when the temperature falls from 
95'C to 2C isis Lat 


elastic elongation, I [ Ts tension]. ^^ Aber 


^ I. 21x 105 x 12 10% x 75 kg/cm? = 1890 kg / cm? 


I Yai 
A 
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Ex 214) A thin rod of megligible mam sad arce of arom section d » 107 m? mapendod vertically 
from one end has a length of 05 m at 100°C. The red i coded to 0C, bat prevented from comttscting 
by attaching à mass at the lower end. Find G) mass and (H) emergy stored in the wire, Given fer the 
rod Young's modulus = 10 N/m, Coefficient of linear expanien = 107 K^ and g = 10 m 

Iti T wo) 

Solution | For lowering of temperature, the amount of contraction wosd have Is iL ar 

^d 905x I0* w 1009 $5» M^* m 


(i) videnily, the mass to be attached will be such so as to peodeor an ehongation of $ x 10 * m 


Now Ye SES, CE ^ SÉ ex? Ys 10! Net, Am don Ht! 
3x10 x10! xax 107* Lega. pasioa? 
SUUS sem 
i 


Qi) Energy stored EH ed mgl xa X 10x35x10 e u 
Ex, LIS: A seconds pendulum gives correct time at 20°C. What will be the temperature at a 
time when it loses 30 sec per day? corfficient of linear expansion of the pendulum = 18 » 10* *C* 
` [W. B. H. 5. 1999] 
Solution ; Prom equation (2.11), A'T = 43200 ar Herr Are Sec, a= INxI07*/*C 
VA AL x 3 | 
^ — 4MO0a AYMOxINx10* 
^, the required temperature = 38.58 + 20 = SHC 
Ex. 216 1 The length of à poudulum ls |, time ported T and coutiicient of Reser eupsnden o. 
Show that with change of temperature, the change in time period is g "M and rote of change of 
time period = iw ILERE W) 
Solution | See An. 2.11 
Ex. 2.17 : A clock with metallic pendulum gains 5 sex per day at 18°C. But when the temperature 
is 30°C It loses 10 sec per day. Calculate the coefficient of linear expansion of the pendulum. 


wc 


Solution 1 In the first case, the time period 1 n ĉa so amd in the second casa, the Dee 
2x MO 
period n Ty = $690 
T, M05 
-———— e. = 
T, mo "^ yy evo 
»- + 
* (eo) ete ^ ie dare s ^ igi — T1 kein Pe 


Ex. LIS: Two thermomometers A and 1 are made of glam and they carry same type of liquid. 
Both the thermometers has spherical bull. Inser radius of the bulb A ia 7-5 mm and radius of the 
tube is 1:25 mm, The coresponding quantities for the bulb B are 6/2 mm and 049 mm. Compare the 
length of 1* of the thermometers A and B. ILER) 
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2 
& =P +20,,At) =1? (1 + 20. Ar) -L (1+ 2p.4t). 


Ms 3, aM ee 20. At LAE 
4:892. 4 2 


3 1 1 
p Soy. At=20.At-—B.At s x-l(4n- 
Du ;P a= (4a -B) 


Ex. 2.12: Three rods of equal length at 0°C form an equilateral triangle ABC. The coefficient of 


linear expansion of AB is o and for the other two the coefficient is B. What is the increase in value of the 
angle C at ^C ? [ J. E. E. 1998 ] 


x 
Solution: At O°C each angle of the triangle ABC is 3 
The coefficient linear expansion of AB is œ and those of AC and BC are D. 


l 
Let at C AB =AC=BC=l) At 0°C, OA => [ Fig 2.10] 


| 
. At eC, OA’=2(I+ar) and A’C’=1(1+ Br) 


a Te Lq + at) 
\B’ Now, from the triangle A'OC* we get sin (E+ e) =A [ Disa 
6 Ip (1+ Br) 
Fig: 2-10 small angle ] 
NY ase AR EN As 0i in0 = - 
2 2 20) s 0 js small, sind = 0, cos@ 1 


. Increased value of angle e SA 14r 


Ex. 2.13 : A thin steel ring is heated to a temperature of 95"C. At this temperature it just 
fits over a steel cylinder of diameter 10 cm at 20°C. If the system is allowed to cool until the 
temperature of both the ring and the cylinder is 20"C. What will be the stress in the ring ? 
Assume that the cylinder does not change in diameter. Young's modulus = 21 x 10 5kg/ cm? 
and coefficient of thermal expansion & = 12 x 10 7 6596571 [ J. E. E. 1986 ] 
°C to 20°C, the ring will try to contract. But it is 


Solution : As the temperature is lower from 95 
the thermal contraction of the ring will be equal 


prevented and so a thermal stress is generated. Evidently, 
to its elastic elongation. j 
Now, if the circumference of the ring be L at 9. 


95°C to 20°C isl=Lat 
eer E O [T i n —=Loar 
elastic elongation, AY [ T=tension] - AY 
m 
B ac 21x10° x2x10* x75 kg/ cm? = 1890 kg / cm? 


5°C, its contraction when the temperature falls from 


Iye! 
A 
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Ex. 2.14: A thin rod of negligible mass and area of cross section 4 x 1075 m? suspended vertically 
from one end has a length of 0-5 m at 100°C. The rod is cooled to 0°C, but prevented from contracting 
by attaching a mass at the lower end. Find (i) mass and (ii) energy stored in the wire, Given for the 
rod Young's modulus = 10! N/m?, Coefficient of linear expanion = 105 K-! and g = 10 ms? 

[1-131297] 

Solution : For lowering of temperature, the amount of contraction would have been l= L at 

. | =05x 105x 100 =5 x 107* m 


(i) Evidensly, the mass to be attached will be such so as to produce an elongation of 5 x 107 4 


.mgL .mgL melo Un 
Now Yee dert ag ee | = TOU Nm3; ASA 10m; 
= ih a -2 
pa $10 xig x4 1078 Pago mag EIo ms 
0-5x10 edu 


(ii) Energy stored jm- 5 mgl == x40 x I0x 5x07* -01J 


Ex. 2.15 : A seconds pendulum gives correct time at 20°C. What will be the temperature at a 
time when it loses 30 sec per day? coefficient of iinet expansion of the pendulum = 18 x 10-5 °C-! 
£ [W. B. H. S. 1989] 
Solution : From equation (2.11), A T - 43200 at Here At = 30 Sec, a= 18x 107 xi ioco 
riz Ao orat pel ihe, sdgiage i 
432000. 43200 x 18 x 107 
the required temperature = 38:58 + 20 = 58-58°C 


Ex. 2.16 : The length of a pendulum is /, time period T and coefficient of linear expansion a. 


. 1 
Show that with change of temperature, the change in time period is 3 at. At and rate of change of 


1 
time period = p [ J. E. E. *94] 


Solution : See Art. 2.11 
Ex. 2.17 : A clock with metallic pendulum gains 5 sec per day at 15"C. But when the temperature 
is 30°C it loses 10 sec per day. Calculate the coefficient of linear expansion of the pendulum. 


cm 2 x 86400 : ; 
Solution : In the first case, the time period is Tj EITI and in the second case, the time 
iodis T ..2x 86400 
period is T) = 50 | 
Tj _ 86405 l2 86405 
T, 86390 9^ Yh, ^ 86390 
30 5 
vog ripia O on = BIS IPC 
(a) oe re Eg 86390 86390 x 15 


Ex. 2.48: Two thermomometers A and B are made of glass and they carry same type of liquid. 
Both the thermometers has spherical bulb. Inner radius of the bulb A is 7-5 mm and radius of the 
tube is 1-25 mm. The coresponding quantities for the bulb B are 6:2 mm and 0:9 mm. Compare the 
length of 1° of the thermometers A and B. [J. E. E.] 
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4 
Solution : The volume of the bulb of thermometer A is MV =i nR? c.c 


Increase in volume for 1° rise in temperature, v; = VY . If r} be the radius of cross section of the tube 


of A and if the liquid rises /, cm in the tube of A for 1° rise of temperature then v, = 7 n h 
Fo ON Vacate () 
Similarly, for the second thermometer B, 1 ryl, SF) EE (ii) 


Where, r, = radius of the tube of B 

L = length through which liquid rises in the tube of B for a rise of temperature is 1° 
4 

V, = Volume of the bulb of B ces Ry? Gc 


nop ND RE 
*. From (i) and (ii) ZEN X V2 Ry? 
4 (By (n. Te: «(22 177x 0514 = 0-92 
PAESI ed Cp2sg E S 
Ex. 2.19 : A screw of pitch 0.5 mm is mounted such that its tip can be moved against the end of 
a rod of length 100 cm. The other end of the rod is fixed. A circular scale attached to the screw has 
100 divisions and when rotated fully moves against one small division of a linear pitch scale, each 
division of length 0.5 mm. At 20°C the pitch scale reading is a little above zero and the circular scale 
reading is 92 divisions. When the temperature of the rod is raised to 100°C the reading of the pitch 
scale is little above 4 divisions and the reading of the circular scale is 72 divisions. Calculate the 
coefficient of linear expansion of the material of the rod. PELTI 
j screw pitch 
lution : Li L. C.) of E 
SERIES Dubipuneues OESTE BAES total number of circular scale divisions 


0-5 
A .= —-mm- 0.005 mm 
ES 100 


Scale reading at 20°C, x = 0 + 92 x 0-005 = 0-46 mm 
Scale reading at 100°C, y 2 4 x 0.5 +72 x 0:005 = 2:36 mm 
+, Expansion of the rod, | = y - x = 2:36 — 046 = 19 mm = 0-19 cm 


*. Coefficient of linear expansion of the rod, œ =—-=————= 23.75 x 10-5962] 
Lt 100x80 N 


Ex. 2.20: A cube is compressed by applying a pressure of 6 x 10 $ dyne / cm ? on each face 
of the cube. What would be the rise of temperature so that its volume remains unchanged. 
Coefficient of cubical expansion of the cube = 35:7 x 10-5 °C-! and bulk modulus of elasticity 
= 1:03 x 10!! dyne/cm ? 

Solution : Let V = initial volume of the cube; v = Contraction in volume due to increase of pressure. 

Then its bulk modulus , K cuum. 

v/V 


gé 6X10 xV 


1.03x1 s v=5-825x10 V 


v 
Now, let temperature of the cube be raised by t"c so that its volume expansion be also v 
.vyeVyt — Vx 357x 1076x t= 5825x 107V, <. t= 1-63°C 
+, Required temperature rise = 1: 63°C 
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A. Short answer type questions : 


15. 
16. 
17. 
18. 
19. 
20. 


Coefficient of linear expansion of iron is 12 x 10% / °C — Explain [ W. B. H. S. 2003 ] 
What is a bimetallic strip ? [W. B. H. S. 2003] 
What is the principle of Bimetallic thermometer ?  - 

Three zinc rods form an equileteral triangle. Will the base angle change with increase of temperature ? 
Explain. [ W. B. H. S. 1988] 
A metal scale does not give correct reading at all temperatures. Explain the reason [ W. B. H. S. '94, '97 ] 
A platinim wire can be sealed into a glass rod but a copper can not be sealed. Why ? [ W. B. H. S. 1995] 
It hot water-is poured on a thick glass vessel, it breaks. Why ? [ W. B. H. S. 1992] 
Why is a gap left between two rails of a railway line ? 

The difference in length between an iron rod and copper rod remains same at all temperatures. When is it 
possible ? (J. E.E.] 


. The pendulum clock goes slow in summer and fast in winter. Explain. 


Two cylinders of equal size, one solid and the other hollow, are heated to a particular temperature, will their 
expansions be equal ? [ W. B. H. S. '90] 


. An iron rod is connected to an iron ring along its diameter, If the system be heated will the ring remains 


circular. [ J. E. E. 1985] 
Why does a bimetallic strip bends when it is heated ? 

A bimetallic strip is made of a brass plate and a steel plate. When it is heated in which direction it will 
bend? Explain. 

What is the principle of compensated pendulum ? 

How does a compensated balance wheel work ? 

A clock whose pendulum is made of invar rod can give correct during all seasons. Explain. 

How does the density of a solid changes with temperature ? 

What is à thermostat. when is it used ? 

Establish the relation showing the variation of density of a solid with temperature. [ W. B. H. S. 2001] 


B. Essay type questions : 


1, 
2. 


3. 


4. 


Define coefficient of linear expansion and volume expansion of a solid. Obtain a relation between them. 
(a) Why does a solid expands on heating ? 

(b) What is a bimetallic strip ? How can it be used for measuring temperature ? 

(a) What is a thermostat ? How can it be used as an automatic switch ? 

(b) What is thermal stress ? How is it produced ? Obtain an expression for it. 

(a) Define three types of coefficient of expansion of a solid. Obtain a relation between this three. 

(b) Does the value of the coefficient depend on unit of length ? 


C. Simple numerical problems : 


1. 


The radius of sphere at 0°C is 100 cm and at 100°C it is 101 cm. Calculate the coefficient of volume 
expansion of the sphere. [ Ans, 3:08 x 10-4 / °C] 
Ata place maximum temperature in summer is 40°C and minimum temerature in winter is — 20°C. What gap 
should be kept for expansion of a bridge of length 3:4 km. & of steel = 12 x 10% / *C[ Ans. 244:8 cm ] 
The density of glass at 10°C and 60°C are 2:6 g / c.c and 2:596 g / c.c. Calculate average value of the 
coefficient of linear expansion of glass [ Ans. 1:027 x 10 -51°C ] [ W. B. H. S. '98] 
The difference in lengths of two metal rods, A and B is 40 cm at all temperatures. Calculate the lengths 


of the two rods if the coefficients of linear expansions of A and B are respectively 12 x 1075 / °C and 18 x 
OP 17€: [ Ans. 120 cm, 80 cm ] 
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Solution : The volume of the bulb of thermometer Ais Vi =f rR? co 
Increase in volume for 1° rise in temperature, Vj = Viy. If r be the radius of cross section of the tube 
of A and if the liquid rises /, cm in the tube of A for 1° rise of temperature then v, = 7 Tic lh 
xr? =V Y G) 
Similarly, for the second thermometer B, 7 rb EN. s ders (i) 
Where, r, = radius of the tube of B 
I= length through which liquid rises in the tube of B for a rise of temperature is 1° 


4 
V, = Volume of the bulb of B-3 T R2 c.c 


y 4. 
;. From (i) and (ii) nb a Vo nj! 
4 (RB) (2 (yey Ey EA 
LR) (ny) 625 M3S Ld ag 
Ex. 2.19 : A screw of pitch 0.5 mm is mounted such that its tip can be moved against the end of 
a rod of length 100 cm. The other end of the rod is fixed. A circular scale attached to the screw has 
100 divisions and when rotated fully moves against one small division of a linear pitch scale, each 
division of length 0.5 mm. At 20°C the pitch scale reading is a little above zero and the circular scale 
reading is 92 divisions. When the temperature of the rod is raised to 100°C the reading of the pitch 
scale is little above 4 divisions and the reading of the circular scale is 72 divisions. Calculate the 


coefficient of linear expansion of the material of the rod. ; DELT.] 
Solution : Least count (L. C.) f screw gal saa ea LIII E 
1 ount (L. C. crew = 
: E gauge = ‘total number of circular scale divisions 


0-5 
cee bo CH — mm = 0-005 mm ` 
iG 100 


Scale reading at 20°C, x = 0 + 92 x 0-005 = 046 mm 


Scale reading at 100°C, y = 4 x 0:5 +72 x 0:005 = 2:36 mm 
." Expansion of the rod, l= y - x = 2:36 — 0:46 = 1:9 mm = 0°19 cm 
~s. Coefficient of linear expansion of the rod, a= V = pial te = 23-75 x meea 
Lt 100x80 j 
Ex. 2.20: A cube is compressed by applying a pressure of 6 x 10 © dyne / cm 2 on each face 
of the cube. What would be the rise of temperature so that its volume remains unchanged. 
Coefficient of cubical expansion of the cube = 3577 x 107 *C-! and bulk modulus of elasticity 
—1:03 x 10!! dyne/cm ? 
Solution : Let V = initial volume of the cube; v = Contraction in volume due to increase of pressure. 
Then its bulk modulus , K = ae 
E v/V 
6x10 xV 
UTOR e EA. 102v 
Now, let temperature of the cube be raised by t*c so that its volume expansion be also v 
.vy2Vyt e Wx 357% 10-$x1:25825x10?5V < t= 1-63°C 
*. Required temperature rise = 1° 63°C 


EXPANSION OF SOLIDS 529 


A. Short answer type questions : 


12. 


13. 
14. 


15. 
16. 
17. 
18. 
19. 
20. 


Coefficient of linear expansion of iron is 12 x 10% / °C — Explain [ W. B. H. S. 2003 ] 
What is a bimetallic strip ? [W. B. H. S. 2003] 
What is the principle of bimetallic thermometer ?  - 

Three zinc rods form an equileteral triangle. Will the base angle change with increase of temperature ? 
Explain. [ W. B. H. S. 1988] 
A metal scale does not give correct reading at all temperatures. Explain the reason [ W. B. H. S. 94,97) 
A platintim wire can be sealed into a glass rod but a copper can not be sealed. Why ? [ W. B. H. S. 1995] 
It hot water-is poured on a thick glass vessel, it breaks. Why ? [ W. B. H. S. 1992] 
Why is a gap left between two rails of a railway line ? 

The difference in length between an iron rod and copper rod remains same at all temperatures. When is it 
possible ? (J. E. E.] 
The pendulum clock goes slow in summer and fast in- winter. Explain. 

Two cylinders of equal size, one solid and the other hollow, are heated to a particular temperature, will their 
expansions be equal ? [ W. B. H. S. '90] 
An iron rod is connected to an iron ring along its diameter, If the systern be heated will the ring remains 
circular. [ J. E. E. 1985] 
Why does a bimetallic strip bends when it is heated ? 

A bimetallic. strip is made of a brass plate and a steel plate. When it is heated in which direction it will 
bend? Explain. 

What is the principle of compensated pendulum ? 

How does a compensated balance wheel work ? 

A clock whose pendulum is made of invar rod can give correct during all seasons. Explain. 

How does the density of a solid changes with temperature ? 

What is à thermostat. when is it used ? 

Establish the relation showing the variation of density of a solid with temperature. [ W. B. H. S. 2001] 


B. Essay type questions : 


1. 
2. 


3. 


4. 


Define coefficient of linear expansion and volume expansion of a solid. Obtain a relation between them. 
(a) Why does a solid expands on heating ? 

(b) What is a bimetallic strip ? How can it be used for measuring temperature ? 

(a) What is a thermostat ? How can it be used as an automatic switch ? 

(b) What is thermal stress ? How is it produced ? Obtain an expression for it. 

(a) Define three types of coefficient of expansion of a solid. Obtain a relation between this three. 

(b). Does the value of the coefficient depend on unit of length ? 


C. Simple numerical problems : 


1. 


4. 


The radius of sphere at 0°C is 100 cm and at 100°C it is 101 cm. Calculate the coefficient of volume 
expansion of the sphere. [ Ans. 3:08 x 10-4 / °C] 
At a place maximum temperature in summer is 40°C and minimum temerature in winter is — 20°C. What gap 
should be kept for expansion of a bridge of length 34 km. & of steel = 12 x 10% / °C[ Ans. 244:8 cm ] 
The density of glass at 10°C and 60°C are 2:6 g / c.c and 2:596 g c.c. Calculate average value of the 
coefficient of linear expansion of glass [ Ans. 1:027 x 107 5/°C] [W. B. H. S. 98] 
The difference in lengths of two metal rods. A and B is 40 cm at all temperatures. Calculate the lengths 


of the two rods if the coefficients of linear expansions of A and B are respectively 12 x 10% / °C and 18 x 
105 /*C. [ Ans. 120 cm, 80 cm ] 


Phy (D—34 
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5. The difference is lengths of two rods A and B is 25 cm at all temperatures. If the coefficients of linear 
expansions of A and B be respectively 1-28 x 10-5 e C-! and 1:92 x 10 -5 *C-!. Calculate the lengths of the 
two rods at 0°C. [Ans. 75 cm and 50 cm ] ( W. B. H. S. 2001] 

6. An iron rod and a zinc rod are so connected that one rod can expand upwards and the other in the downward 
direction. When the temperature is raised to 100°C, they expand equally. If the coefficients of linear expansion 
iron and zinc be 12 x 10-5 *C-! and 30 x 10% °C“, Calculate the ratio of the lengths of the two rods. 


[ Ans. 5 : 2] 

7. An iron ball of mass 7.8 kg has volume of 1000 c.c. at 30°C. Calculate thé volume and density of the ball 
at 100°C. a of iron = 12 x 10% / °C -[ Ans. 1002:52 c.c; 778 g/ c.c. ] 

8. When the temperature of a metal is increased by 20°C, its volume increases by 0:12. %, Calculate the 
coefficient of volume expansion of the metal. [ Ans.20 x 10 -5*C -! J 


9, Oneend of a steel rod of length 610 cm is fixed rigidly. The other end of the rod is connected to lever at a 
distance of 10-5 cm from the fulcraun of the lever. When the temperature of the rod is raised by 500°C, lever 
rotates by 10.5 degree. Calculate expansion in length and coefficient of linear expansion of the rod. 

[ Ans. 0:366 cm; 12 x 107 $ °C"! ] 

10. Two equal bars, 50 cm long one of brass and the other of iron are joined together at one end and a needle of 
1 mm in diameter and carrying a pointer is clipped between their free ends. When the bars are heated the 
needle rotates through 10? . What is the temperature interval through which they are heated ? The coefficient 
of linear expansion of brass and iron are 18 x 10-5 / "C and 12 x 10-5 / °C respectively. [ Ans. 29:1 °C ] 

11. A scale made of steel is correct at 0°C. The length of a copper rod measured by this scale at 20°C is found 
to be 1m. Calculate the actual length of copper rod at 0°C. Given œ of copper = 19 x 10% / °C and o of 


steel = 12 x 10% / °C [ Ans. 99:986 cm ] 
12. A brass scale attached to a barometer reads 76 cm at 35°C. The scale is correct at 0°C. What is the Correct 
reading of the barometer ? o of stress = 18:9 x 10% / °C [ Ans. 76:0493 cm ] 


13. A compensated pendulum is made of three iron rods and 2 brass rod. Average length of each iron rod is 

100 cm and its coefficient of linear expansion 12 x 10-5 °C; If coefficient of linear expansion of brass be 

19 x 10 -$ / °C, Calculate the average length of each brass rod. [ Ans. 1263 cm ] 

14. The two ends of a steel rod is rigidly fixed and its temperature is 0°C. If its temperature is raised to 30°C, 
how much thermal stress is produced ? Y of steel is 2-1 x 10 !? dyne / cm? and its œ = 11 x 10 75 /*C 

[ Ans. 6:93 x 108 dyne/ cm? ] 

15. A scale made of brass gives correct reading at 0°C. The length of a zinc rod measured'by this scale is 

found to be 1:0001m at 10°C. Calculate its actual length at 0°C. œ of zinc = 29 x 10 -5 *C-! and a of 

brass = 19 x 10 - 19 *C-! [Ans. 1 m] 

16. How much pressure is to the applied on an aluminium block so that there will be no expansion when 

its temperature is raised from 20°C to 40°C. Bulk module of aluminium, B = 69 x 10 10 N / m? and 

Q:52:555c107 58671 [ Ans. 1:055 x 10 8 N/ m?] 

17. The temperature of a copper sphere of initial radius 10 cm is raised at the rate of 2:3 °C / Sec. Calculate its 
rate of increase of (i) surface area and (ii) volume of the sphere. Given & of copper = 17 x 10 -  /*C. 

[ Ans. (i) 00983 cm?/S (ii) 0:491 c.c / sec ] 

18.' A clock having a metal pendulum gains 5 sec per day at 15°C. But at 30°C it loses 10 sec per day. Calculate 


the co-efficient of linear expansion of the metal of the pendulum. [ Ans. 231 x 10-4/°C } 
19. A pendulum clock loses 20 sec per day. What change in length has to be made so that it gives correct time 
again ? [ Ans. 0:045 cm] [ J. E. E 2003] 


. 20. Two ends of a wire is rigidly fixed when its temperature is lowered by 10*C a force of 32 N is 


produced. Calculate Young's modulus of the material of the wire. Given, area of cross section of the 
wire 10 7? cm? and its & = 16 x 10 5 / °C. [ Ans. Y = 2 x 10!? dyne / cm? ] 
21. A-thin steel ring is heated to 95°C. At this temperature it just fits into a cylinder made of steel. The diameter 
of the cylinder at 20°C is 10 cm. The temperature of the system is lowered to 20°C. Calculate thermal stress 

on the ring. Young's modulus of steel = 21 x 10 5 kg / cm? and its a = 12 x 10 -5 / °C 
[ Ans. 1:85 x 10? dyne/cm?] [ J. E. E. '88] 


22. 


23. 


25. 


26. 


27. 


29. 
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A steel scale is to be so constructed so that at any temperature error in the measurement of 1 mm 
should not be more than 5 x 10 - ^ mm. Calculate the maximum range of temperature at which 
calibration can be done ? œ of steel = 13:22 x 10 - 5 / °C [ Ans. 3782*C ][ LE. T ] 
A pendulum gives correct time at 0°C. If the temperature be 20°C, how much time it will lose per day ? How 
its length be changed so that it may give correct time again ? [ œ of the material of the pendulum = 11:6 x 
10 -5/*C-] f [ Ans. 10 sec; 0:023 cm less] 
A compensated pendulum consists of 5 iron rods and 4 brass rods. Length of each iron rod is 1:0 m, What 
should be the length of each brass rod ? Given a of iron = 12 x 10 7 6 /*C, œ of brass = 19 x 10 - $/*C 

[Ans. 095 m ] 
A pendulum gives correct time at 20°C at a place where acceleration due to gravity is 9:8 ms~?. The pendulum 
is made of iron and a heavy sphere is attached at its lower end. It is taken to a place where g = 9:788 m / s?. 
At which temperature it will give correct time at the place ? œ of iron = 12 x 1076/°C [ Ans. - 82°C ] 
Two rods of same cross section are joined face to face. At 25°C the length of the composite rod is 1-0 m of 
which the length of copper rod is 30 cm. At 125*C increase in length of the composite rod is 1:91 mm. The 
composite rod is kept between two rigid walls, so that the composite rod is not allowed to expand with rise 


of temperature, 
Find the Young's modulus and coefficient of linear expansion of the second rod. Given, œ of Cu «17x10 Æ 
/°C and Y of Copper = 13 x 10! N/m? [ J. E. E. 1984 ] 


[ Ans. 11-05 x 10 UN / m'; a= 20 x 10 -67 ° C] 

An iron wire is stretched inside a rectangular brass frame work, both ends of the wire being rigidly attached 

to the frame. The length of the wire at 0°C is 2 m and the diameter of the wire is 1:0 cm. When the 
temperature of the system is raised to 40°C what extra tension will be set up in the stretched wire ? 

[ Given o of iron = 12 x 10-5 *C-! and that of brass = 18 x 10 -5*C -'; Y of iron = 2:1 x 10 ? dyne / cm?] 

[ Ans. 3:953 x 10 8 dyne ] 


. Two metal rods of the same length and area of cross section are fixed end to end between rigid supports. The 
* materials of the rods has Young's modulus Y, and Y, and coefficients of linear expansions ot, and oc. Under 


what condition junctions of the two rods does not shift ? [ Ans. Y,a, = Y, 05] 
Three rods of equal lengths are joined to form an equilateral triangle ABC. D is the midpoint of AB. The 
coefficients of linear expansions is ct, for AB and ©, for AC and BC. If the distance DC remains constant for 
small change in temperature what is the relation between ©, and 06. [ Ans. à = 4 05] 


D. Harder numerical problems : 


1. 


Three rods forms an equilateral triangle at 0°C. Two of the rods are of same material and the third is of invar 
(Whose thermal expansion may be neglected ). If after heating to 100°C the angle between the identical rods 


Li 6 BO ts 
be (2-2) , prove that the coefficient of linear expansion of the material of the rod is Em jc 


[ J. E. E.; W. B. H. S. '99] 


The base BC of an equilateral triangle is made of aluminium wire and the other two sides AB and BC are 
made of copper. A wire of iron connects the vertex A to the midpoint of the base BC. If for a small rise in 
temperature, the arms of the triangle do not buckle, find the coefficient of linear expansion of iron. œ of 
copper = 16 x 10 -5 *C-! and that of aluminium = 26 x 10% ° C ~! [ Ans. 127 x 10 © *C-! ] 


The cross sectional area of a steel rod of length 25 cm is 0-8 cm?. What stretching force is necessary to 
elongate the rod through the same extent as will be done by raising the temperature of the rod by 10°C ? 
Y of steel = 20 x 10 !! dyne / cm? and a. = 10 5 °C"! [ Ans. 1600 N ] [ I. I. T.) 


Two rods of length /, and coefficient of linear expansion cr are connected to a third rod of length /, of 
coefficient of linear expansion Œ to form an isoscales triangle. The arrangement is supported on a knife 
edge at the mid point of /, which is horizontal. What relation must. exist between /, and l, so that the apex 
of the isosceles triangle will remain at a constant distance from the knife edge as the temperature changes ? 


[ Ans. l; : 1, = dos 24 1 
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A glass cylinder is full by 100 gm mercury at 0°C. But at 20°C 99-7 gm of mercury is contaimed in the 
cylinder. If in both the cases temperature of the cylinder is same as that of mercury, calculate coefficient of 
linear expansion of glass. The coefficient of volume expansion of murcury is y= 18 x 105 *C-! 

[ Ans. 1075 *C-! ] 
An iron cylinder of height 30 cm is floating vertically in mercury. If the temperature of the system is raised 
to 100°C. how much further the cylinder will sink in mercury. At 0°C the density of mercury and iron are 
respectively 13:6 g / c.c and 7:6 g / c.c. The coefficients of volume expansion of mercury and iron are 18 x 
10-5 / °C and 33 x 10% / °C respectively. s [Ans. 0:43 cm ] 
_A uniform solid brass cylinder of mass 500 g and radius 3 cm is placed on frictionless bearing and 
rotated with an angular velocity 60 rad / s about the cylinder axis at 20°C. If now the temperature of 
the cylinder is increases to 100°C without mechanical contact, will there be any change in its angular 
wies una momentum and kinetic energy of rotation ? Explain your answer. Calculate the 
percentage changes of the above quantities, if any. Given «t of brass is 2 x 1073 ecl 


[ Ans. Yes, no, Yes ; 0:32 96, 032%]  [ J. E. E. 1983] 


A uniform pressure P is applied on al sides of a solid cube at temperature °C. By what amount temperature 
of the cube be raised in order to bring its volume back to the value it had before the pressure was applied. 
Given; the coefficient of volume expansion of the cube is Y and the bulk modulus of elasticity is K. 


P 
(Kk - P)v 
At 0°C the volume of the bulb of a glass thermometer is Yo and the area of cross section of the capillary tube 
is Ag. At 0°C the bulb of the thermometer is full of murcury. Now, if the temperature is raised to °C, 
calculate the length of mercury thread in the capillary tube. œ = coefficient of linear expansion of glass, B = 


anie slab 201 
coefficient of volume expension of mercury. [ Ans. Ao (1+ 02) 


[Ans -r= POPE LT) 


EXPANSION OF LIQUIDS 


TOPICS : Real and apparent expansion of liquids ; relation between the coefficient of 
appanent and real expension of a liquid ; variation of density of a liquid with temperature. 
Determination of the coefficient of apparent expansion of liquids; Determination of real 
expansion of liquid. Dulong and Petit experiment. Apparent loss in weight of a solid body in 
a liquid at different temperatures; Temperature correction for borometer reading; Anomalous 
expansion of water ; the effect of anomalous expansion of water on marine life ; examples. 


: 3.1. Introduction : 

Like solids, liquids also expands on heating. A liquid has no shape of its own. It readily takes the 
shape of the container. For this reason we can not speak of linear or superficial expansion of a liquid. So 
liquid has only volume expansion. In general, for the same temperature rise, the expansion of liquids is 
roughly ten times that of solids. Also for the same change of temperature, different liquids have different 

* thermal expansions. In different temperature range, rate of expansion of a liquid is not same. In the case 
“of expansion of water remarkable exception is that from 0°C to 4°C temperature rise water contracts in 
volume. After 4°C it expands with rise of temperature as usual. 


3.2. Real and apparent expansion of liquid : 

To heat a liquid it is to be taken in a vessel. So when a liquid is heated the container is also heated 
along with the liquid and expands. Hence the expansion of liquid must be studied with referance to the 
expansion of the container. 

As liquids expand more than solids, ordinarily expansion of vessel is not noticed and only the expansion 
of the liquids is observed. Unless we are careful we can not see the expansion of the vessel. For this 
reason, the observed expansion of a liquid is always less than its real expansion. The observed expansion 
is called apparent expansion. Hence— 

The expansion of the liquid measured without taken into account the expansion of the containing 
vessel, is called the apparent expansion of the liquid. 

But sometimes it becomes necessary to taken into account the expansion of the containing vessel. So, 
by adding the effect of expansion of the vessel to the apparent expansion of the liquid we get the 
real expansion of a liquid. 

Experiment to show the expansion of a liquid and that of the container. 

The apparatus is a big glass flask fitted with a rubber stopper. [Fig. 3-1] through 
which passes a long glass tube of uniform narrow bore. A scale is attached vertically 
along the tube to record the position of liquid in it. The flask and a part of the 
glass tube is filled with a coloured liquid. Let the liquid be upto the mark O. The 
flask is suddenly immered in a hot water bath. It will be found that the level of 
water in the glass tube first comes down to A and then goes up, passed the mark 
O, to the point B. Why does it happen ? : 

Reason : When the flask. is put into warm water it expands, but the liquids 
does not, because heat can not pass to the liquid inside immediately as liquid is a 
bad conductor of heat. This sudden increase in volume of the container produces 
the sudden drop of in the liquid level. But soon the liquid in the flask expands 
receiving heat from water outside. As liquid expands more than solids the level of 
water in the tube passes the mark O and reaches the point B. 
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So, the actual volume expansion of water is from A to B and the volume expansion of glass from O to 
A. Evidently OB represents the apparent expansion of the liquid. As the bore of the tube is uniform, the 
volumes OA, AB and OB are proportional to their lengths. From the figure : 
AB = OA + OB 


Real expansion of the liquid = Expansion of the vessel + apparent expansion of the liquid. 
3.3. The coefficient of apparent and real expansion of the vessel : ` 


The fact that when a liquid is heated taken a vessel, both the liquid and the containing vessel increases 


in volume. leads us to define two types of coefficients. They are : (i) coefficient of apparent expansion 
and (ii) coefficient of real expansion. 


(i) Coefficient of apparent expansion (Yq) : It is defined as the apparent increase in volume per 
unit volume of a given mass of the liquid per degree rise in temperature. 


Let V, be the volume of a given mass of a liquid at 1j? and V^, be its apparent volume at t° (5 >t). 
Then the coefficient of apparent expansion of the liquid is given by 


apparent increase in volume 


li nio initial volume x rise in tamperature 
Vi-Vy. AV, 
== t=b-t 
l Vi (2-4) Vit [75-4] 
OUTER A at Saree See eid messo ie leq i decre es (3.1) . 


and Vj =V; + Vy t9 Vy (Lyr) 


It is to be noted that Y, is not a constant quantity as its value depends also upon the meterial of the 
vessel in which the liquid is kept. 


(ii) Coefficient of real expension (v) * It is defind as the real increase in volume per unit volume 
of a given mass of liquid per degree rise in temperature. 


Let V, be the volume of a given mass of a liquid at 41° V, be the real volume of the liquid at 
t? (t; > th). Then the coefficient of real expansion of the liquid is given by 


ye real increase in volume 3 
^ initial volume x rise in temperature 
V5 - V, AV, 
pe pesi] 
Vi(o 7n) = Vit 
AN = EY Prism Pares Fco Ru skeen, ee cee ee sai A (3.3) 
ANG = Vi EV yas pA al). aT. ge barib horia HAT s (3.4) 


The coefficient of real expansion is an intrinsic property of the liquid. Its value depends on the nature 
of liquid and on the scale of temperature used: 


9 Discussion : In the definitions of coefficients of expansion of the liquid. initial volume is taken 
to be the volume at any temperature. Since the value of y is very small, the error is negligible. But for 
accurate work we should always refer to the initial volume of the liquid at 0°C. In that case. 


V5 - Vo 
Ya Vot [ Vo = volume of the given mass of the liquid at 0°C ] 
_ V5 - Vo 
and Yr = 


Vot 
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The following table gives the value of Yy, of some liquids : 
Y: (c7) 


Water (20° — 40°C) 20-2x1075 Glycerine 53x105 


Mercury ^| 18-18x105 Turpentine oil 94x105 
Benzene 121x105 Sulphuric acid 57x10 
Alcohol 110x1075 Chloroform 126x1075 


3.4. Relation between the coefficients of apparent and real expansion of a liquid: 
Let the volume of the flask upto the mark ‘O’ at 4° is V, [Fig 3.1]. So, the volume of the liquid at 7° 
is also V,. When the flask is put into hot water, the liquid first comes down to A and ultimately at f°, the 
liquid level rises upto B. If ‘a’ be the cross section of the tube then for a temperature rise of t — 1» -t 


increase in volume of the vessel, AV, =OAxa 
Apparent expansion of the liquid, AV, — OBxa and real expansion of the liquid, AV, = ABxa. 


: A AV; _ a (OA) 
Coefficient of volume expansion of the vessel, Yg = THÉ ji 
it Vit 
En com ofthe tguid Yu = Ve o 202) 
Coefficient of apparent expansion of the liquid Ya Vit Vir 
AV, a(AB) 


and Coefficient of real expansion of the liquid, Yr = Vit Vit 


THUS) cas pee Ta iig eae deos oie ose Noe Galvin t wie si pes Hie gere (3.5) 
Coefficient of real expansion of the liquid — coefficient of apparent expansion of the liquid coefficient 
of volume expansion of the material of the vessel. 


3.5. Variation of density of a liquid with temperature : 
When a given mass of a liquid is heated its volume increases and hence its density decreases. The 
variation of density of a liquid with temperature depends on the coefficient of real expansion of the 


liquid. 
Let the mass of the liquid is m, its volume at ¢;° is V, and density pj. The corresponding quantities 
of the given liquid at t,°(t, >t) are V, and, p2. 
m = V, p, = Vop; 
po Voss Ni 


& vw weno aoa 
p= p, (1+ yy! 2 p, (1 — y) [7 Y, is very small ] 
Evidently density of a liquid decreases with temperature rise. 


1f po and p, be the density of the liquid at O°C and t? then, p, 2po(I-Y, 0) .... eee 
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Example 3.1 : The internal volume of a glass flask is V c.c. what fraction of its volume be filled 
with mercury so that volume of the space above mercury will remain unchanged at all temperatures? 
The coefficient of volume expansion of mercury = 18 x 10-5 / °C and coefficient of linear expansion 
of glass is 9 x 10% / °C, [ J. E. E. '87, H. S.*85] 

Solution. Let the required volume of mercury is v c.c. f 

Now, the volume of the Space above mercury will remain same at all temperatures provided for a 
given temperature rise, expansion of the mercury is equal to expansion of the vessel 

vYu tz Vy E 

where Yy and Yg are respectively are the expansion coefficients of mercury and glass, t is the rise of 

temperature. 


-6 
vay. TEL IX 03 
Yu 18x10? 20 


volume of mercury be = part of the volume of the vessel. 

Ex. 3.2: The length of mercury column in a glass tube of uniform cross section at 0°C is Im. 
When the temperature is raised to 100°C the length of mercury column increases by 16:5 mm. If the 
coefficient of real expansion of mercury be 1-82 x 10-^/^C, Calculate the coefficient of linear expansion 
of glass. [H.S.] 

Solution : Let the areas of cross section of the tube at 0°C and 100°C be Ay and A, em?. Then the 
volume of mercury at 0°C, Vo = 100 Ap c.c. and volume of mercury at 100*C, V; = 101-65 A, c.c. 

Now, A; =A, (1+1008) =Ap (1+2000) [a= coefficient of linear expansion ] 

Vi = Vo 
Vot 
182x10% = 101-65 Ao (1-- 200 «)—-100A6 — 1:0165 (1+200 0) - 1 
100Ag x 100 100 
1:0165 (1 + 200 0) - 1 = 1:82 x 102 
&=8:36x10% c-l 


Coefficient of real expansion of mercury, YH = 


Ex. 3.3 : When a liquid is kept in a glass vessel, the coefficient of apparent expansion is 
15:5 x 10-5 °C-! and when it is kept in copper vessel the coefficient of apparent expansion is 
13:3 x 105 *C-1. If the coefficient of linear expansion of copper be 17 107$/*C, Calculate the 


coefficient of linear expansion of glass. 
Solution : Let €, be the coefficient of linear expansion of glass. 
coefficient of real expansion of the liquid, y, = 3o, + 15:5 x 1055, 
Similarly.in the.case of Copper vessel, y = 3a, + 13:3 x 105 
30, 15:5x105 23x17x1079 413.3 10-5 
3oty =2:8X10 a, =9-3x10-6 «ci 
Ex. 3.4 : The densities of mercury at 0°C and at 100°C are respectively 13:6 and 13-35 g/c.c. 
Calculate the coefficient of real expansion of mercury. 


Solution : The required relateion is Po =P, (1L 7,2) 
13-6 213-35 (1+ y, x 100) 
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7 1126-35 
"o 13-35x100 
The coefficient of real expansion of mercury =18:72x105 9C! 


=18-72x10> 96-1 


3.6. Determination of the coefficient of apparent expansion of liquids : 


By weight thermometer : The coefficient of apparent expansion 
of a liquid can be determined by weight thermometer. The weight 
thermometer consists of a glass bulb with narrow bent neck [Fig 3.2] 


© Experiment : (i) The dry and clean weight thermometer is 
first weighed empty. Let it be m gm. 

(ii) Next the thermometer is filled up with the experimental liquid 
at room temperature /;?C , Let the mass of the liquid filled thermometer 
at 4°C be m, gm. Fig. 3:2 


(iii) Now the thermometer is immersed in hot water whose temperature is /5^C (t; > 1) . Liquid in 
the bulb will expand and come out of the bent stem slowly. When the expulsion of liquid ceases the 
thermometer is taken out of warm water and is allowed to cool. 


(iv) When it attains room temperature again, it is weighed and let the mass of the thermometer with 
the liquid be m, gm. 
€ Calculation’: Mass of liquid filling the thermometer at t;°C in M, 2 (m; =m) gm 
and mass of liquid filling the thermometer at t,°C is M5 = (m, =m) gm 
mass of liquid expelled, m - (M; -M5) gm. 
If we neglect the expansion of vessel we can say, 
volume of M; gm liquid at t;?C= volume of M, gm of liquid at 7,°C 
Let p, and p; be the densities of the liquid at 4°C and t,°C respectively 


Mi; 
volume of M, gm liquid at goce and volume of M, gm liquid at. /5?C 2 —- 
1 


P2 
MAM NEE 
Pi P2 M3 P2 
If y, be the coefficient of apparent of the liquid then p; =P [l+¥, (ty -1)] 
M, 
mM, tale -h) 
M,-M mass of liquid expelled 
ee ARE GD) 


Yao M, (t; ze Mass of liquid left at ¢, °C x rise of temperature 

€ Discussion: (i) Here the coefficient of apparent expansion is determined by measuring weights 
instead of volume. Hence the apparatus is called ‘weight’ thermometer. 

(ii) Further if the value of Y, is known we can measure unknown temperature. Hence it is called a 


thermometer. 
(iii) Instead of weight thermometer, specific gravity bottle may be used, 


Example 3.5 : A weight thermometer can contain 24 gm of mercury at 0^C and when it is 
heated to 100°C, the mass of mercury in the thermometer is 23-662 gm. Calculate apparent expansion 
of mercury. If coefficient of linear expansion of the material of the thermometer be 6.63x 107$/*C, 
calculate the coefficient of real expansion of mercury. 
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: A __M,-M, 
Solution : Apparent expansion of mercury, Yq = M3 (% -1) 
— 24-23-662 0-338 


En “3 f -5 op-l 
Ya 723:662x100 ^ 23-662 x100 7 14 28x10% °C 


Coefficient of real expansion of mercury, Y,— Y, * Y, 
Y, 714:28x105 +3x0-663x10~ =16-27x10-5/°C 

3.7. Determination of real expansion of liquid by Dulong and Petit experiment : 

By this method coefficient of real expansion of liquid can be determined directly. Expansion of the 
apparatus does not affect the result. 

Experiment : The sketch of the Dulong and Petit experiment is shown in fig (3.3). The main part of 

. the apparatus is a U-tube ABCD. It is full of experimental 
liquid. The arms AB and CD are vertical and enclosed in 
à two jacket tubes whose mouths are closed by corks. 
Through one jacket, steam is passed and through other 
jacket ice cold water is circulated. 

Evidently tamperature of arm CD will be more than 
that of AB, density of liquid in arm CD will be less than 
in AB. The liquid in arm CD will stand at a greater height 
than that in AB. 

With the help of cathetometer telescope, this difference 
in heights and the height of the liquid column at lower 
temperature is measured. 

Theory : Let at equilibrium, the height of the liquid 
column in AB at lower temperature hah and height of 

water B Fig. 33 c the liquid column CD at higher 15 =h . Let p, be the 
density of the liquid in the cold column arid that of the 
liquid in hot column is P2. As pressure exerted by both the column must be equal, : 


I1 


h, 
i 
i 


‘ 


hy Pi B=h pg ^O Mpi = hyp, 
hpji(ley,t)- hp, > A +Y, =h, 
DER difference in height 


ht P height of cold column of liquid x (temp. difference) 
Example 3.6 : In a U-tube containing mercury, the heights of the mercury column in two arms 
are 76:35 cm and 75 cm corresponding to the temperatures 100°C and 0°C [ H. S. 1991] 
Solution : Coefficient of real expansion of mercury is 
/—h 7635-750 


TOT cn 74 on-l 
(yt) ^ 75x10 "80x10 °c 


3.8. Apparent loss in weight of a solid body in a liquid at different temperatures : 
Let W be the weight of the solid in air and it weighs W, fully immersed in a liquid at temperature 
hc. 
1 


Apparent loss in weight of the body at 4°C, M,= W-W, 
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` -. . By Archimedes’ principle volume of the solid at ,?C, V, =—— [ P, = density of the liquid 
Pi at (?C] 
Now, suppose that the temperature of the liquid is raised to t,°C (£5 >+). If the weight of the solid 


immersed in the liquid now be W,, then the volume of the solid at t,°C is 


| W-W, M 
V, =——+=—+ [p= density of the liquid at t)°C ] 
| P2 P2 
| Me M, 
| MERCY 
V, (l+rt) My po y, t) [ Y, = coefficient of volume expansion of solid and 
or V My 9 . ¥, = coefficient of volume expansion of liquid. ] 
Mı Mı 
w,7 0t t) =Y t) or. M; dnte [As Y; Y is small] 
M, EM [err vp unn dresse (3.9) 
Yı > Y, Hence M, > M; 
W-W > W-W, > W< W, 


Hence with the rise of temperature, the apparent weight in a liquid increases. 

Example 3.7 : The weight of a piece of metal in air is 100 gm and it weighs 55. 4 gm completely 
immesed in a liquid at 20°C. Also at 95°C immersed in the same liquid it weighs 57-9 gm. Calculate 
the value of coefficient of real expansion of the liquid. Given, the coefficient of volume expansion of 
the metal is 27 x 10% / °C. 

Solution : From the equation (3.9), M, = M,[1+1 y. -y;)]. 

Here M; =W - W} = 100 - 55:4 = 44:6 gm.; M; =W - W, = 100 - 57:9 = 42:1 gm; 

y, =27x10% eC and (—95-20- 75°C 


4462 421 [1er 2700 x15] 


f ae 6) 752 44:6 1.255. 
si [v. 27x10 |= 17354 
-6.. 72:5 249. posto =81- -5 jo 
-¥,— 27x10 e 18x10 1 Y, =81-88x10 nc 


Coefficient of real expansion of liquid — 81:6x1075/°C 

3.9. Temperature correction for barometer reading : ; 

The atmospheric pressure is usually expressed in terms of mercury column at 0°C. This temperature 
of 0°C is treated as a standard temperature. Hence if the barometer reading is taken at tC, the reading 
should be corrected for two reasons : 

(i) correction for expansion of scale of the barometer between 0°C and 1°C. It is called scale correction 


and (ii) correction for change in density of mercury from 0°C to 1°C. It is called density correction. 

(i) Scale correction : Let the borometer scale be correct at /9^C and the observed height of the 
barometer at /?C be ‘h’ cm. 

There the correct height at that temperature after scale correction is H — A [1 & (t —19)] 
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Here à = Coefficient of linear expansion of scale material, . 
If the barometer scale be correct at O*C then - 


FT LUCY) tias kata a G) 
FC and p ie aerate | Let Ho be the uue barometer reading at O°C. py be the density of mercury 
at 0°C and p be the density of mercury at ^C. Then 
Ho Po g=Hpg . Hy s n 


o 
a 
Ho =H wen ly = Coefficient of volume expansion of mercury } 
*H- Yrs (ean (tye) 
Ho s h[I- (y a) e) 


brass = 18 x 1075 /*c. 


Solution : (i) Actual reading at 15°C, Hsh(Isar) 
H9 74:9 x (118x107 15) = 74.92 em. 


Wen ubuuece is hentad, is volume increases and o density decre. Thi wal happens. Du 
i heated above C. lo this general rule a a particular range of temperature tis found thata pe us 
sodas the enger M EOM and i volume decreases. Contraction i volume continous ipie a 


foom temperature, it will contract in volume until the temperature 
| jue Of 4°C is reached. Below 4°C it begins to expand, Hence at 4*C 
J one density of water Is maxinum and volume is minium. The 
4 behavious of water from 4°C to ("C is contrary to general rule. 
[o This is referred to as anomanous expansion of water, In fig 3.4, 
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After the trough ) is filled with freezing mixture, reading of the thermometer T, pradeally decreases 
But the reading of the upper thermometer temaim mote or 
less stationary. The reading of T, becomes constam at 4°C 
After that regding of T, first decreases gradually and thee g 
rapidly and ultimately becomes O'C. The variation of the 
tvadings of T, and T, with time is shown in fig 3.6. 

(i) Explanation : The observation may be explained 
as follows : Due to the presence of freezing mixture, the ec 
temperature at the middle portion of the cylinder decreases 
and the density of water in this portion increases Cold water” ee 
sinks to the bottom and warm water from the bottom of the - R M 
vessel rises up, Thus a circulation of water is set up in the -i : pL 
region of the cylinder below the trough. That is why lower 
thermometer T, records a falling temperature. The water in the upper half, not being disturbed vo (ar, will 
have its temperature fixed. - 

As soon as the lower thermometer reads 4°C, it becomes stationary. Now, the upper thermometer 
starts showing a fall of temperature. The reason is that, water in the lower half attains maximum density 
at 4°C. As the temperature of water near the centre goes below 4°C, it expands ad so its density decreases 
It, therefore, floats up in the upper half of the cylinder. Eventually the upper thermometer reaches (°C. 
while the lower one (T,) still indicates 4*C. 

So, the experiment proves that water attains maximum density at 4°C. 


3.11, The effect of anomalous expansion of water on marine life ; 

The survival of marine life in cold countries has possibile due to apomalow expanse of 
water. In cold countries the temperature of air falls below the water on the surface of lake or ponds 
cools and becomes heavy. This water goes down, Then warm and lighter water comes up. A convection 
current is set until temperature at the bottom becomes 4*C 

On further lowering of temperature at the vurface. the pp ment 
layer of water becomes lighter and hence remains at the top ull i 
freezes into ice. 

lee being lighter than water remains a the top As both koc and 
water are non conductors of hesi, low of beat by water duc to 
conduction below the ice to the surounding will be very small Thus 
water can exist below the ioe layer at the surface and the tempersture 

of water increases gradually downwards from OC io 4°C (Pig 17) 
Me 7 ‘Thun aquatic animals can survive during the severe winter 


Q. 1. Why does a gas possess two types of volume expansion coefficients ? 

Ans, sec Art. 32 

Q. 1 A hollow iron sphere floats in water fully immersed at 10°C. What will happen if the 
tamperature of both liquid and sphere is raised to SUC ? 

Ans: Iron sphere will sink in water at SOC. 

Explanation : Let V, be the volume of the sphere and p, be the density of the water at 10°C 

loss in weight of the sphere at 10°C = Vip, 
Again let at SO°C density of water in py 1f the volume of the sphere at SUC be V, 


VLLLLLLLLLLLLLL 
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then the loss weight of the body at 50°C = V,p, 
Now, V; =V,(1+40y) and p; — p, (1—40y,) 
Yy = coefficient of volume expansion of solid and Y, =. coefficient of volume expansion of water, 
Vp; = Vip, (1 + 40) (1 — 40y,) = ViP; [1 — 40 (y. 3)] 
As Y,? Y, Vip? < ViP; 
So, at 50°C, loss in weight is less. So its apparent weight increases. hence the sphere will sink in water 
at 50°C. 


Q. 3. The inner volume of glass sphere is 540 c.c. what volume of the flask be filled with mercury 
so that the volume of the space above mercury in the flask remains constant at all temperature ? 


Coefficient of real expansion of mercury 18 x 1075 / °C and coefficient of linear expansion of glass 
= 2:5 x 10° / °C. i [ H. S. 1996 ] 
Ans. Let the required volume of mercury = v c.c. 
Expansion of mercury = Expansion the vessel 


vY t=VY_yt [t= temperature rise] 


v. te 2540x3x2:5x10? T 

Yn 18x10? 

The required volume of mercury = 75 c. c. 

Q. 4. A body floats in water at 4°C with 0-98 past of its volume immersed. At what temperature 
it may sink in water ? coefficient of volume expansion of water = 33 x 1075 / °C Neglect the expansion 
of the body. 

Ans. Let the body sinks in water at ^C. Density of water at 4°C is p, g/c.c. and at t°C it is P g/c.c. 


p= 


Now, by the condition of floatation, V x0-98xp; = V xp, 


a(l- 
Bariga or 2100-30 yo N A 
Q4 | a, 


t = O0 260-61°C 
33x 107 
The required tamperature is 60-61 + 4 = 64-61° C 
Q. 5. A beaker is full of water at 4° C. What will happen if the water is heated or cooled ? 
[ H. S. 1998 ] 

Ans. The water will overflow in both the cases. 

Reason: A given mass of water has minimum volume at 4°C. So, if 
the temperature is raised or lowered from 4°C, the volume of water will 
increase in both the cases, So, the water overflows in both the cases. 

Q. 6. The temperature of a certain mass of water is changed from 
0°C to 10°C. Show how its volume may change with temperature. 


— —k Volume 


Ans. The variation of volume of the given mass of water is shown in 
fig 3-8. From 0°C upto 4°C the volume of water gradually decreases and 
becomes minimum at 4°C. Beyond 4°C its volume gradually increases 
with rise of temperature. 


EXPANSION OF LIQUIDS 543 


Q. 7. A beaker'is full of water with a picce of ice floating in it. When the ice melts completely, 
how does the level of water change in the following cases : 

(i) If the initial temperature of water is 0°C; 

(ii) If the initial temperature of water is 4°C; 

(iii) If the initial tamperature of water is 10°C. [ J. E. E. '96 ] 

Ans. (i) In this case, level of water in the beaker will not change after.the ice is melted completely 
[Fig. 3:9 . L 

Reason : The ice will take up necessary latent heat from the surrouding to 
convert to water at 0°C. So, the temperature of whole water will not change. 

Now, by condition of floatation, mass of ice is equal to mass of water 
displaced by it. So, volume of water that will be formed due to melting of ice 
is same as the volume of water displaced by ice. Hence the liquid level will Fig. 3:9 
not change. : 


(ii) In this case, the water will overflow after the ice melted [Fig. 
3.10]. i 

Reason : The mass of the floating ice is equal to tħe mass of water 
displaced by the ice. The ice will absorb some latent heat from the water. 
As result the temperature of water falls 10°C 
below 4°C as the water formed is at He 

Fig. 310 0°C. So the volume of water will 
increase and it will overflow. 

(iii) After the melting of ice the level of water will decrease [Fig. 
3-11 ]. Mass of the floating ice is equal to the mass of water displaced 
by it. Ice will absorb necessary latent heat for its melting. Its temperature 
will decrease and also its volume will contract. Hence the level of water 
decreases. 

Q. 8. A solid whose volume does not change with temperature floats in a liquid. For two different 
temperatures t, and t; of the liquid, fractions f, and f, of the volume of the solid remains submerged in 
the liquid. What is the coefficient of volume expansion of the liquid ? 

Ans. Let V be the volume of the solid. Then by the condition of floatation : . V fi Pj = V f» P2 


when p, in P, are the densities of the liquid at two temperatures /, and 43. 


— 


Fig. 3411 


Po Po 
PIT Tewr and P2 Tyr, 
fiPo _ fr Po 
1+yt,  deYyt 
H Wolds deron 
fix dida Tat Ye Rec marum: 


e MISCELLANEOUS EXAMPLES e 


Example 3.9 : A glass bulb whose volume at 0°C equals 10 c. c. is filled with mercury. It is then 
joined to a stem of diameter 0-2 cm. What length of the stem will the liquid occupy at 60°C. Given, 
coefficient of volume expansion of mercury 18 x 1075 / *C and coefficient of linear expansion of 
glass = 9 x 10% / °C"! [ J. E. E. 2002 ] 


Solution : Increase in volume of mercury, AV — Vy,t. 
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Here y, 218x105 -2.7x10 5 215.3x105 (C)-; 
V=10c.c. and t=60°C. 
AV = 10x15-3x 107 x60=91-8x10 c.c. 

Area of cross section of the stem, A = nr? = x (0-1)? 21x10? cm? 
the length through which the mercury rises along the stem is 


. 73 5 
ELLE UMEN MA 
A 9x107 T 


Ex. 3.10 : A weight thermometer made of glass is filled with mercury at 0°C and then heated 
' upto 100°C. As a result 7-785 g of mercury is e: 


xpelled and 450 gm of remains inside the thermometer. 
When glycerine is used insteed of mercury 2:173 gm of glycerine is expelled and 41 gm of glycerine 
remains in it. Calculate : (i) Coefficient of linear expansion of glass (ii) eoefficient of real expansion 
of glycerine. Given, coefficient of real expansion of mercury = 18:3 x 10-5 / °C, 


Solution : Coefficient of apparent expansion is given by 


mass of liquid expelled AA CER] 


Ya= us ———— —— — = 1-73x104 ec)! 
mass of liquid remaining x rise in temperature 450 x 100 


(i) Coefficient of volume expansion of glass Yg 7 Y, -Ya 7 (1-83-1-73) x10 210x1079/9C 


-6 
Coefficient of linear expansion of glass, [^ wwe s 0, =3-33x 10$ «c-! 


(ii) The coefficient of apparent expansion of glycerine Ya = wo 5-3x104/°C, 
Coefficient of real expansion glycerine, Y, Y. Y 
Y; 95:3x107* +0:1x10* =5.4x104/°¢ 
Ex. 3.11: The capillary of mercury in glass thermometer has a c 
volume of the bulb is V, at 0°C. If the mercury just fills the bulb at 0*C, find an expression for the 
length of mercury column in the capillary at a temperature °C, Given, a = the coefficient of linear 
expansion of glass and B = coefficient of volume expansion of mercury. [ J. E. E. 1994 ] 
Solution : Real expansion of mercury = V, Br à 
Where B is assumed to be real expansion of mercury. 
Expansion of bulb = Vo x 3a x t= 3a Vot 
Volume of mercury introduced in the capillary =V Bt - 3 &V, t = Vot (B — 3) 


A ; Vot (B-30) 
Length of the mercury column in the capillary tube x = Sho VIX 
0 


rest part of 1 c.c. is full of air. 


onstant cross-section A, and the 


Ex. 3.12 : A glass bulb is partly filled with mercury at 0^C and 
When the tamperature of the bulb is raised to 40*C, volume of the space containing air: becomes 


0-98 c.c. Calculate volume of mercury. Given, coefficient of linear expansion of glass = 7:2 x 10-4/°C 
and coefficient of volume expansion of mercury = 1-81 x 104 /.?C, 


Solution : Let the volume of mercury at 0?C-vc.c. 


volume of the bulb at 0*C — (v 4-1) c.c. 
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volume of mercury at 40°C =v (1 +1-81x10~4 x40) 71-00724 v c.c. 

volume of the bulb at 40°C — (v 4-1) (1+3x7:2x 10° x 40) =(v +1) x 1-000864 c.c. 
By question, (v+1) x 1000864 —1-0072v = 0-98 

v(1:0072—1-000864) 21.000864—0.98 + v-3.72c.c. 


Ex.3.13: From the hook of a wooden frame a piece of metal having density 8gm/c.c. is suspended 
by a light string. The tension in the String is 56 gm-wt. If the metal is immersed in a liquid at 


: temperature 40° C, what would be the tension in the string ? Surrounding temperature is 20°C. Sp.- 


gr. of the liquid at 20°C is 1:24. The coefficients of volume expansion of metal and liquid are 
8x 10“ and 4 x 10-4 / °C respectively. [J. E. E. 1988 ] 


Solution : Volume of the metal at 20°C, Vj =% 7 c.c, 
Its volume at 40°C, V2 =7(1+20y)=7(1+20x8x107*)=7(1+16x10) 
Density of liquid at 40°C, p, =1-24 (1-20y,) 
P? 21.24 (1-20x4x1075)- 1:24x (1-8x1074) g/c.c. 
Weight of the displaced liquid — V» pog 
=7(1+16x10~) x (1-8x107*) x1-24 2 8-68(1515:2x107) =8-8 gm- wt. 
< Tension in the string —256—8.:8—47-2gm- wt 
Ex. 3.14 : The weight of a piece of metal is 46 gm. Its weight in a liquid at 27°C is 30 gm and at 
27°C, Sp-gr. of the liquid 1-24. It weights 30-5 gm in the same liquid at 42°C. Sp-gr of the liquid at 
42°C is 1:20. Calculate the coefficient of linear expansion of the metal. 


Solution : Volume of liquid displaced at 27°C E - 12-90 c.c. 
Volume of the solid at 27°C, V, — 12-90 c.c. 


520 
Similarly, volume of the solid at 42°C V; “as =12-92c.c. 


Vy _ 12-92 j 0-02 0:02 3 
WN Br 1:12:92: v. Dis OW 2e she Awe 42:021 e f 
Vi 10290 - I+yt 1*15.90 y 12-9x15 10-33x10 


0- E Dx 
Coefficient of linear expansion = i xio 5=3.44x105/°C 


Ex. 3.15 : The weight of a piece of metal in air is W,. The wt of the solid immersed in a liquid 
at 4°C is W,. Its weight in the same liquid at 1,°C is W,. If the coefficient of volume expansion 


of liquid is greater than that of the solid, show that W, > W,. 
W, - W2 


Solution : Volume of the solid at °C, V= 
, tone b d W|-W, 
Pı = density of the liquid at #;°C and volume of the solid at 1,°C, V, = z 


P2 = density of the liquid at t)°C 


Vy 2 Wao} Mp Ls sy © = 
VIS BW Spe AND Mj(1- y, t) 


Phy (1)—35 
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Here y, = coefficient of volume expansion of the solid ; 
Y, = coefficient of volume expansion of liquid. 
M; =M; (Eey,0 (I-74) =M; [r-(v;-v,)r]. [v.17 #? is negligible] 
Since Y, > Ys» M; «Mj. 
W,-W, < W,-W, -. W3 > W, (proved ) 
Ex. 3.16: An iron cylinder of length 30 cm is floating vertically in mercury at 0°C. Calculate the 
increase in length of the immersed part if the temperature of the system is raised to 100°C. Densities 


of mercury and iron at 0°C are 13:6 g/c.c. and 7:6 g/c.c. respectively. The coefficients of volume 
expansion of mercury and iron are 18 x 1075 / °c and 3:3 x 10^ / °C respectively.. 


Solution : Let the area of cross-section, of the cylinder at 0°C is Ao and its x part is immersed in 
mercury. Then by condition of floatation : 
Buoyancy on the cylinder = wt. of the cylinder 


Y Ao Puo 730xAo XPo 


Where Pyo.= density of mercury at 0°C; Po = density of iron at 0°C. 


xx13:6230x7:6, << x= X78 - 16.76 cm 


Now, let when the temperature is raised to 100°C 
additional y cm goes below mercury 
(x+y) A, Py, =30-Ag po 
(x+y) Ag (192-2105 x100) x 13-6 (1-18 10-5 x 100) = 30A op 
(x+y) (142-210) (1-18x103)x13:6230x7-6 | Py,=density of mercury at 100°C 
or, (x-+y)X1-00213-6x0-982 230x 7-6 A, = area of cross-section at 100 °C 
x+y=17-03 ^o y=17-03-16-76=0-27 cm 
Additional length 0-27 cm will immerse into mercury. 


Ex. 3.17 : A vessel contains water of mass 8:45 gm at 0°C and the rest is full of paraffin. When 
water condenses to ice at 0°C paraffin of mass 0-62 gm over flows. Sp gr. of paraffin at 20°C is 0:8 
and its coefficient of volume expansion is 9x10-4/?C. Calculate Sp-gr. of ice. 


Solution : Density of paraffin at 0*C, po — po (1-- Yt) 
Py =0-8x(1+9x10~ x20) 2 0-814 g/c.c. 
0-62 


Volume of expelled paraffin 79.814 ^ 0-762 c.c. 
Mass of ice = 8:45 gm and its volume = 8-45 + 0:762 ="9-212 c.c. 
8.4 
- Eo edi 917. 
Sp. gr. of ice = 9.212 


Ex. 3.18 : A solid is floating fully immersed in a liquid at 50°C. If the temperature of the liquid 
is lowered to 0°C, what fraction of volume will now remain immersed in the liquid ? Coefficient of 
volume expansion of the solid is 0-3x10~> &-! and coefficient of volume expansion of the liquid 
=8x10 %7! - [ J. E. E. 1990 ] 
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Solution : At 50°C, the solid body is floating in the liquid fully immersed. So, at 50°C, density of the 
body (d;o) = density of the liquid (d^) 

Now, let dy and d^, be the densities of the solid and the liquid respectively at 0°C, Let Vo be the 
volume of the solid at 0*C and x part of its volume remain immersed into the liquid at 0°C, 

Then by condition of floatation, Vo dy = x V d; 


— do _ dso(l*50y,) 1«50y, 
“di dij(*50y) 14507) 
Here y, = 0:3 x 105 c! and y, = 8 x 10°54 
«= 1450x0:3x10 _ 1.00015 
1+50x8x10 1:004 


Ex. 3.19 : A barometer provided with brass scale reads 76:24 cm at 20^C. If the scale be correct 
at 0°C, what is the actual reading of the barometer at 0°C ? Coefficient of volume expension of 
mercury is 18 x 10-5 / °C and coefficient of linear expansion of brass is 19 x 1075 / °C. 


Solution : The brass scale is correct at 0°C, So the correct barometer reading at 20°C is 
H5o = 76:24 (1+19 x 1076 x 20) = 76-269 cm 
Let Ho = height of the barometer at 0°C; 


=0-997 


d, = density of mercury at 0°C; 
doy = density of mercury at 20°C, 


d 
Hogdog =H dg - Ho veo H20 


Ho 


i pe 
= So Q1 18x10 ^ x20) 76:269 = 0-9964 x 76:269 = 75:99 cm 


d 
Correct reading at 0°C = 75-99 cm. 
Ex. 3.20 : A thin steel ring is heated to 95°C. At this temperature, it just fits into a steel cylinder 
at temperature of 20°C. The ring is cooled to 20°C. How much thermal stress is developed ? Assume, 
Young's modulus of steel is 21 x 1075 kg / cm? and its coefficient of linear expansion = 12 x 10-5 / °C, 


[ J. E. E. 1988 ] 
Solution : Thermal stress developed, P = Y o t 


P = 21 x 10° x 12 x 10% x75 = 1890 kg / cm? = 1:8522 x10? dyne / cm?. 
Ex. 3.21 : The coefficients of volume expansion of benzene and wood are 1:2 x 10-3 °C-! and 
L5 x 104 *C-1.. At 0°C their densities are 9:0 x 10? kg / m? and 8:8 x 10? kg / m3, At what 
temperature wood sinks in benzene ? [ J. E. E. 1994 ] 


Solution : Let wood sinks in benzene at C. At this temperature density of wood will be.equal to that 
of benzene. 


880 (1 = t) = 900 (1 — y, t) 
8:8-88 yy t=9-9 Yt 
9x1-2x10777-8-8x1-5x10° 20.2 +. £=21-1°C 
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Ex. 3.22: The weight of a body in air Wo. It weighs W, when it is fully immersed in a liquid at 
4°C and W, is its weight in the same liquid at ¢,°C. If the coefficient of volume expansion of the 
body be Y, what is the coefficient of volume expansion of the liquid ? 

Solution : If V, be the volume of the body at /,?C and d, be the density of the liquid at this 
temperature, then 


WoW, =V] dg oeiee eee (i) 
Similarly Wo Vo Vado gue oerte eee dd cue (ii) 
where V, = volume of the body at t,°C and d, = density of the liquid at £*C 
Vd _ Wo-W, à ^ 


Vjd, WSQ-W, 

Now, V9 2 Vj (+t); dj 2 do (1+y; t) and t=t,-1, 
Wo - Wi citu 
W- W, dEeqr 


lY, far eae (Ley 1) SU NE mea. inis Dead Ld 
Wo — W2 Wore Wa DNO 
" me W, - W, 4 T4 — W,) 
S m` Wo -W, 
Ppa 7 Sea ONG, 
l t(Wo-W2) W,-W, 
Ex. 3.23 : A solid object floats in a liquid at 0°C with 2% of its volume above the liquid surface. 
When the temperature of the liquid is 25°C, the solid floats in the liquid fully immersed. Calculate 


the coefficient of volume expansion of the liquid. Given, the coefficient of volume expansion of the 
solid = 26 x 10% / °C 


Solution : Let Vo = volume of the solid at 0°C ind Po = density of the liquid at 0°C 

then by the condition of floatation wt. of the body = weight of the liquid displaced 
W=0-98 Vo po g 

At 25°C, the solid floats in the liquid fully immersed 


Where V = volume at the solid at 25°C and p = density of the liquid at 25°C. 
. Vpg=0-98V) Po g 
Vo(1+Y x25) po(1— y, x25) x g = 0-98Vopog 
(1+257,) (1-25) 2 0:98 so , 1+25y, -25y, = 0-98 
1,71, 2 5€. = 8x10 


Yi 7 Yg +8x10~4 =26x 10 -8x1074 =8-26x10% °C)! 


Ex. 3.24 : An aluminium sphere of diameter 10 cm is immersed in glycerine of density 1:26 g/c.c. 
at 20°C. If the temperature of glycerine is raised to 100°C what will be the change in apparent | 
weight of the sphere ? Given, coefficient of linear expansion of aluminium = 25 x 10-  / °C and 
coefficient of volume expansion of glycerine = 5 x 104 / °C. [J. E. E.] - 
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Solution : volume of the sphere at 20°C, Vi =4n (5) =523-33¢.c. 
wt of glycerine displaced by the sphere is W, = 523-33 1-26 = 659-4 gm. 
Now, volume of the sphere at 100°C is V2 = Vy (1+ Y-t) = 523-33x (175x107 x 80) = 523-64 c.c. 
Now, density of glycerine at 100°C is d = 1-26x(I- 5x107* x80) 21:21g/c.c. 
Wt. of glycerine displaced by the sphere at 100°C is W, = 523:64 x 1:21 = 633°60 gm. 
Change in apparent weight = W, — W, = 659-40- 633-60 = 25-8 gm 
Ex. 325 : A vessel is full to the brim with 500 gm of water and 1000 gm of mercury. When 
21200 cal of heat is supplied, 3-52 gm of water is expelled. Calculate the coefficient of yolume 
expansion of mercury. Given, coefficient of volume expansion of water = 1:5 x 10-4 / °C, density of 


water = 1-0 g / c.c., density of mercury = 13:6 g / c.c. and sp. heat of mercury = 0-03 cal g^! °C- 
[ELT.] 
Solution : Evidently, expansion of mercury and water — 3-52 c.c. Let the temperature rise be 7°C 
Now, heat absorbed by mercury + heat absorbed by water = 21200 cal 
1000x:0-03x (-- 500x 1x1— 21200 = 1= 40°C 
Expansion of water due to the temperature rise of 40°C is y; =500x1-5x 10 x40— 3 c.c. 
and expansion of mercury due to 40°C rise in temperature v; —3:52—-3-0 — 0-52 c.c. 
ee x 7X 40=0-52 5 y=1-768x10-4/°C 
Coefficient of volume expansion of mercury = 17-68x107>/°C 


A. Short answer type questions : 


1, A solid possesses three types of expansion, but a liquid is supposed to have only one type of expansion. What 
is the reason ? 

2. Name and define two types of coefficients of volume expansion. Which one is related to the property of the 
liquid? 

3. Between the coefficient of apparent volume expansion and the coefficient of real volume expansion which one 
is constant ? How they are related to expansion of the vessel ? 

4. What is meant by the coefficient of apparent expansion of liquid is 18x105/?C ? 

5. Define coefficient of apparent and real expansion of a liquid. Which one of these two is a characteristics of a 
liquid ? i [W. B. H. S. 1998] 

6. What is a weight thermometer ? What quantity is measured by it ? Why is it called a thermometer ? 

7. The apparent weight of a solid in a liquid is different at different temperatures : Why ? 

8. Show graphically the variation of (i) density and (ii) volume of a given mass of water when it is heated from 
0°C to 10°C. 

9, From one arm of a common balance a body suspended and immersed in a liquid and the system is then 
balanced. Now, the temperature of the body and the liquid is raised. Will the arms of the balance will remain, 
horizontal ? Explain. p 

10. A piece of ice is floating in a liquid of density 1-5 g/c.c. Will the level of liquid change if all the ice melts ? 
11. What is meant by anomalous expansion of water ? Mention its practical application ? 
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12. A beaker is full of water at.4° C. What happens to the level of water if temperature is raised or lowered ? 

13. A piece of ice is floating in water in a vessel. When the ice melts what happens to the level of water in the 
following cases: 
(i) when water is at 0°C (ii) when water is at 4°C and (iii) when water is at 10°C. 

14. A hollow iron ball is floating in water fully immersed at 10°C. When the temperature of water with the ball is 
raised to 50°C what will happen ? 

15. A wooden block is floating in water at 0°C with a volume V above water. Now, the temperature of water is 
gradually raised from 0°C to 20°C. With the change of temperature what will be the change in V ? 

16. A long cylindrical vessel having coefficient of linear expansion contains a liquid upto a certain level. It is 
found that with rise of temperature of the cylinder, the level of liquid in the cylinder does not change. What is 
the coefficient of volume expansion of the liquid ? 


B. Essay type questions : _ 
1. (a) Explain why does a liquid possess two types of coefficients of volume expansion ? 


(b) What do you mean by coefficients of real and apparent expansions of a liquid ? Deduce a relation between 
them. [H. S. 2000, 2002] 


2. (a) Obtain the relation to show the variation of density of a liquid with temperature. 
(b) Which coefficient of expansion of a liquid is determined by a weight thermometer ? Give the theory of 
measurement of the coefficient. 
3. How would you demonstrate the anomalous expansion of water ? 


4. Describe Hope’s experiment. How can you prove by this experiment that density of water is maximum at 4°C? 
[ H. S. 1995 ] 


5. The brass scale of a Fortin’s barometer is calibrated at 0°C. The reading of the barometer at t°C be H, considering 
the expansion of the brass scale and expansion of mercury calculate the height of the barometer at 0°C. 
[ J. E. E. 1996 ] 


6. (a) What is meant by anomalous expansion ? 

. (b) Explain how can marine life survice in cold polar region. 
C. Simple numerical problems : : 

1. The coefficient of volume expansion of mercury with respect to glass is 15.3x.19-5/»C. If the coefficient linear 
expansion of glass be 9x10-*/°c, Calculate the coefficient of real expansion of mercury. [Ans. 18-0x075/°C ] 

2. The internal volume of a glass flask is V c.c. What volume of mercury be kept in it so that the volume of the 
vessel above mercury will remain same at all temperatures ? The coefficient of volume expansion of mercury is 

18x10-> °C-! and coefficient of linear expansion of glass 9x10% (*C)-! [Ans. V/20 c.c.] 

3. When the vessels of steel and aluminium are used the coefficients of apparent volume expansion of a liquid are 
respectively 18x1075 C7! and 14-5x10-> *C7! . If the coefficient of linear expansion of steel be 12x10~ °c", 
calculate the coefficient of linear expansion of aluminium. (Ans, 2.37x10? *C!] 


4. The thermal expansion of a liquid kept in a glass is to be measured. To eliminate the effect of expansion of the 
vessel some alloy is kept inside the vessel. What volume of the vessel be filled up with the alloy for this 
purpose? Given, the coefficients of volume expansion metal alloy and glass are respectively 8x1075 (°C)! and 


3 
3x10 eC)! [ans T part of the voume] 
5. The volume of a glass flask is 540 c.c. what volume of mercury be kept inside the flask so that the volume of 
the space above mercury will remain same at all temperatures ? Coefficient of real expansion of mercury 
=1-8x10% °C"! and that of glass 22.5x107? *C7! [Ans: 75 c.c.] [ H. S. 1996 ] 
6. 10% of the volume of a vessel is filled with glycerine. Show that the volume of the space above glycerine will 


remain unchanged at all temperatures. The coefficient of linear expansion of the-vessel —18x10-5 ^C"! and 
coefficient of volume expansion of glycerine 254x105 (C)! 


10. 


11. 


12. 


13. 


14. 


15; 


16. 


17. 


18. 


19. 


20. 


21. 
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- Density of water at 0°C is 0-999874 g/c.c. and at 4°C density is 1-0 g/c.c. Calculate the coefficient of real 


expansion of water in this temperature range. [ Ans. -3.15x1075 (*C)7!] 


. The density of mercury at 20°C is 13-55 g/c.c. At what higher temperature error in the value of density be 1%? 


Given, coefficient of real expansion of mercury =1-82x10™ (*C)^! [ Ans. 74.94*C |] 


. The weight of an empty weight thermometer is 40 gm and when it is filled with mercury at 0°C, it weighs 510 


gm. When it is heated upo 100°C, 7:01 g of mercury overflows. Calculate the coefficient of volume expansión 
of glass. Given coefficient of volume expansion of mercury -18x1075 (^C)! [Ans. 2-85x10(*C)! ] 
A glass vessel is filled up wih 816 g of mercury at 0°C. But at 100°C 803-21 g of mercury remain in the vessel. 
If the coefficient of real expansion of mercury be 18-2x10~ (°C)~!, calculate the coefficient of volume 
expansion of glass. [Ans. 2.3x105/7C] 
A uniform capillary tube contains a mercury thread of length 1m at 0°C. If the temperature is raised to 100°C 
the length of the mercury thread increases by 16-5 mm. If the coefficient of real expansion of mercury be 
18:2x1075/?C, calculate the coefficient of linear expansion of glass. [ Ans. 5:67x107*/^C] 
The height of mercury column at 0°C in one arm of a U-tube filled with mercury is 75 cm and the height of 
mercury column in the other arm at 100°C is 76-35 cm. Calculae the coefficient of real expansion of mercury. 
[Ans. 18x10-5/C7']  [H. S. 1991] 

The coefficient of volume expansion of glycerine is 49x1075/?C . If the temperature is raised to 30°C what will 
be.the percentage change in density. [ Ans. 1:45% ] 
A body of mass 2 kg is suspended by a wire of length 3 m and having diameter of cross-section 0-5 mm. How 
its temperature be changed so that its length remains unchanged ? Y of the wire =2-06x10''N/m? and 
a 11x10 9/c [ Ans. 44°C ] 
In Dulong and Petit's experiment the temperatures of two arms of a U-tube are 0°C and 100°C respectively. 
Height of liquid in one arm is 50 cm and in the other arm, the height is greater by 1 cm. Calculate the coefficient 
of real expansion of liquid. 
If the coefficient of linear expansion of the tube be 1075 /°C, calculate the coefficient of apparent expansion of 
the liquid. b [Ans. 20x1075/°C ; 19x10%/°C] 
The weight of a solid in air is 43-5 gm. It weighs 28 gm in a liquid of sp. gravity 1-25 at 20°C. In the same 
liquid at 35?C its weight is 28-6 gm. Calculate the coefficient linear expansion of the solid. Sp-gr. of the liquid 
at 35°C is 1-20. [ Ans. 29:87 x1075/*C ] 
A piece-of metal weighs 50 gm in air. When it is immersed in a liquid at 25°C its weight is 45 gm. In the same 
liquid at 100°C it weighs 45:1 gm. Calculate the coefficient of real expansion of the liquid. Given, coefficient of 
linear expansion of the metal is 12x107$/*C. t [ Ans. 3-03x10/°C ] DLET] 
A solid body weighs 50 g and 52 g in a liquid at temperature 25°C and 75°C respectively. The coefficient of 
linear expansion of the solid is 6-6x10~°/°C and coefficient of volume expansion of liquid is 7-3x10~/°C. 
Calculate actual mass of the solid body. [ Ans 108-34 gm ] [ J. E. E. 1990 ] 
The volume of the bulb of a thermometer is 0-25 c.c?The length of its capillary tube is 25 cm and diameter 0-2 
mm, If the bulb is full of mercury at 0°C, calculate the maximum temperature upto which it can be used to 
measure unknown temperature. Given, the coefficient of apparent expansion of mercury = 18x105/*C 
5 : [ Ans. 1744*C ] 
The mass of a sphere of diameter of diameter 7 cm is 266-5 gm. It is floating in a liquid at 0°C. If the 
temperature is raised to 35°C, the sphere begins to sink. If the density of liquid at 0°C 1:527 g/c.c. calculate the 
coefficient of volume expansion of the liquid. Neglect the thermal expansion of the solid. 

em [ Ans. y 28-0x10^^ °C] 
A barometer provided with a brass scale reads 75-91 cm at 20°C. The scale is correct at 15°C. What will be the 
reading of the barometer at 0°C ? Coefficient of real volume expansion of mercury =18x1075/°C ; the coefficient 


of linear expansion of brass =19x10%/°C. [ Ans. 75-64 cm ] 
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22. The scale of a barometer gives correct reading at 0°C. At 30°C the barometer reads 76 cm. What is the correct 
reading at 0°C ? ot of brass =18x10~ (°C)? and y of mercury 218x102 ("Cy [ Ans. 75-61 cm] 
23. A body floats in water at 4°C with 0:98 part of its volume immersed. At what temperature, the body will just 
immerse ? The coefficient of volume expansion of water 233x105/?C. Neglect expansion of the body. 

[ Ans. 64-61°C] 

24. A vessel is completely filled wih 500g water and 1000g of mercury. When 21,200 calories of heat is added to 
the system 3-52g of water is expelled. Calculate the coefficient of volume expansion of mercury. Neglect expansion 

of the vessel. Given, coefficient of volume expansion of water =1-5x10~/°C, density of mercury = 13-6 g/c.c., 
density of water = 1-0 g/ c.c. sp-heat. of mercury = 0-03 cal gm! °C"! [Ans. =1-768x104/°C] [LL T.] 

25. A bulb of volume 12 c. c. is attached at one end of a uniform glass tube having area of cross-section of 0-005 
cm?, At 15°C the bulb is filled with a liquid whose apparent expansion coefficient with respect to glass is 
5.2x1074/*C. If the temperature of the bulb is raised to 45° C, calculate the height of mercury column that will 

rise along the tube. ^ [ Ans. 37.44 cm ] 

26. A uniform glass tube of length 133 cm and closed at one end is partly filled with mercury such that the volume 
of the space above mercury remains same at all temperature. If the coefficient volume of glass be 26x 1075/?C. 


and that of mercury be 18-2x107/°C. Calculate the length of the mercury column. [ Ans. 7 cm ] 
27. A weight thermometer contains 24 g of mercury at 0*C. When it is heated to 100°C, 23-622 gm of mercury 

remains in it. Calculate the coefficient apparent expansion of mercury. 

[ Ans. 16:0x107/°C. ] [ Tripura H. S. °92 ] 

28. An iron cylinder of length 30 cm is floating vetically in mercury at 0°C. If the temperature of the system is 

raised to 100°C, what additional length will immerse into mercury ? The densities of mercury and iron at 0°C 

are respectively 13-6 g/c.c. and 7:6 g/c.c. The coefficients of volume expansions of mercury and iron are 

1-8x10~/°C and 3-3x10~/°C respectively. [ Ans. 0:27 cm ] 


D. Harder numerical problems : 


1. A glass bulb whose volume at 0°C equals 10 c.c. is filled with mercury. It is then joined to a stem of diameter 
0:2 cm. What length of the stem will the liquid occupy ? [ Given, the coefficient of volume expansion of 
mercury =18x1075/°C and coefficient of linear expansion of glass =9x107°/°C ] 

f ; [ Ans. 2.92 cm ] [J. E. E. 2002] 

2. The coefficients of volume expansion of benzene and wood are respectively 1-2x10?/*C and 1:5x107*/^C. At 
0°C their densities are 900 kg / m? and 880 kg / m?. At what temperature wood will just sink in benzene. 

g [ Ans. 21-1°C ] [ J. E. E. 1984] 

3. A piece of iron floats on mercury at 0°C with 0-575 part of it volume immersed. If the temperature of the 
system is raised to 220°C, what fraction of volume of the iron will immerse under mercury ? Given, coefficient 
of linear expansion of iron 212x10-5/:C"! and coefficient of volume expansion of mercury =1-82x10~4/°C. 

[ Ans. 0:5965 ] 
4. At 0°C, three rods of equal length, form an equilateral triangle ABC. AB has a coefficient of linear expansion 0. 
and the other two rods have D as the coefficient. At 1°C what will be the increase in angle C ? 


[ J. E. E. 1998 i[ ans A Ej 


5. A piece-of metal of density 8 g/c.c. is suspended by a string and the tension of the string is 56 gm-wt. Now the 
metal is immersed into a liquid at 40°C. What will be the tension in the string now ? Ambient temperature 
during the experiment is 20°C. At 20°C densiy of liquid 1:24 g/ c.c. The cubical expansion of the liquid and the 
material of the metal are 4x1075/?C and 8x1075/°C respectively. [ J. E. E. 1988 ] [ Ans. 47-31 gm-wt ] 

6. A glass bulb is full of mercury of mass 350 g at 0°C. When some pieces of steel balls are dropped into the bulb 
then the bulb can contain 265 g mercury at 0°C. When the bulb is heated to 100°C, 5 g of mercury is expelled. 
Calculate the coefficient of linear expansion of steel. Given, coefficient of real volume expansion of mercury 
=18x107/°C. Neglect expansion of glass. : [Ans. -12.55x10 5C] 


10. 


11. 


12. 


13. 


14. 


15. 


16. 
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Two thermometers A and B are made of glass. Both the bulbs of the thermometers are spherical and contains 
same type of liquid. Inner diameter of the bulb of thermometer A is 7.5 mm and the radius of cross-section of 
the tube is 1-25 mm. The corresponding quantities for the bulb of B are 62 mm and 0-9 mm. Calculate the ratio 
of the length of 1° of the thermometers A and B. [Ans 092] [J.E. E.] 


A hollow aluminium bulb is of mass 29-3 gm and its external volume 35 c.c. at 0°C. The bulb floats in benzene 
at 0°C and density of benzene at this temperature is 0-88 gm/c.c. At what temperature aluminium bulb just sinks 


in benzene ? Coefficient of linear expansion of aluminium is 25x10~°/°C and coefficient of volume expansion 

of benzene =12-5x10~/°C. [ Ans. 41-8° C ] 

The weight of a sinker in air is wọ. At 1°C the sinker weighs"w, in a liquid and at °C it weighs w, in the 

same liquid. If the coefficient of volume expansion of the sinker be D, what is the coefficient of volume expansion 
NW» 

(wo wp) | LET) 


The mass of a submarine is 107 gm. When the temperature of the sea 20°C, the submarine has to take 10° g of 
water inorder to submerge. If the temperature of the sea is 30°C how much less amount of water can be taken? 


of the liquid. | Ans. B+ 


Given, coefficient of volume expansion of sea water =2x10~/°C and coefficient of linear expansion of steel 
=12x10%/°C [ Ans. 1-66x10* gm] 
A drop of liquid which does not mix with water is immersed at the bottom of water at 20°C. At this temperature 
densities of liquid and water are respectively 1021 and 998 kg/m. At what temperature of the mixture the liquid 
drop floats on water ? Coefficient of volume expansion of liquid 285x105/*C and that of water is 45x 1075C 
s [ Ans. 79*C ] 
A solid floats in a liquid at 20°C with 75% of its volume immersed and at 100°C it floats with 80% percent of 
its volume immersed. Calculate the coefficient of volume expansion of the liquid. Assume that volume of solid 
remains constant. J [ Ans. 8-47x10*(* CY! ] 


The diameter of cross-section of the tube of a mercury thermometer is 0-5 mm and the distance between the two 
fixed points is 20 cm. Wliat is the volume of the thermometer bulb ? Coefficient of volume expansion of 
mercury 18x1075 and coefficient of linear expansion of glass is 9x 10-*/°C. [ Ans, 2-57 c.c. ] 
The weight of body in air is 3:35 N. If weighs 2:019 N in water at 4°C and at 100°C it weighs 2:127 N in the 
same liquid. The coefficient of volume expansion of the body is 24x10*/*C. Calculate density of water at 
100°C. 5 [ Ans. 961 kg/m?] 
The length of a metal rod A is 25 cm. When its temperature is raised from 0°C to 100°C, its expansion is 0-05 
cm. When another rod B of length 40 cm is heated by the same range of temperature its length increases by 
0-04 cm. Taking a part of A and a part of B, a composite rod C of length 50.cm is formed. When the composite 
rod C is heated from 0°C to 50°C, its expansion is 0:03 cm. Calculate the lengths of A and B taken to from C. 
[ Ans. 40 cm and 10 cm ] 
A solid body floats in a liquid at a temperature 50°C being completely submerged in it. What fraction 8 of the 
volume of the body is submerged in the liquid after its cooling to 0°C if the coefficient of cubical expansion of 
solid is 0-3 x 10-5 K-! and that of liquid 8:0 x 10? K+ ? [ Ans. 0-997 J [ J. E. E. 1990 ] 


EXPANSION OF GASES 


TOPICS : Boyle's law ; Charle's law; Regnault’s pressure law ; Absolute zero of 
temperature; absolute scale of temperature ; Charle's law and pressure law in terms of absolute 
temperature; The coefficient of expansion of gases ; relation between volume coefficient and 
pressure coefficient; combination of Boyle's and Charle's laws; Universal gas constant; Relation 
between pressure, temperature and density of a gas; Dalton's law of partial pressures; Examples. 


4.1. Introduction : 

Gases expand much more than solids and liquids for a given rise the temperature, Also a gas expands 
when pressure is reduced. Both pressure and temperature has appreciable effect on the volume of a given 
mass of a gas. On the ohter hand, in case of solids and liquids change of pressure has negligible effect on 
the volume of the substance. Hence to make a comprehensive study of expansion of gas, temperature and 
pressure are to be taken into account. So when we consider expansion of a gas, its pressure has to be 
mentioned. Hence to get the idea regarding the state of a gas three quantities—volume, pressure and 
temperature must be considered. The volume (V) of a given mass of gas depends on both on the temperature 
(t) and its pressure (P). 

From experiment it is found that different solids and liquids have different rates of expansion for the 
same change in temperature, But ín the case ideal. gases, under similar conditions, due to the supply of 
same quantity of heat all gases expand by the same amount. 

The laws guiding the change in volume and pressure of a gas due to change of temperature are known 
as gas laws. * 

© Gaslaws : 

(i) Boyle's law : This law shows how the volume of a given mass of a gas changes with change of 
pressure at constant temperature. 

(i) Charle's law : This law shows how the volume of a given mass of a gas changes with temperature 
At constant pressure. 

(ii) Regnault's law : This laws shows how the pressure of a given mass of a gas changes with 
lemperature at consant volume. 

The combined form of Boyle's law and charle's law gives the equaion of state of an ideal gas. 

Real gases approximately obeys the ideal gas laws at low pressure and high temperature. 

4.2. Expansion of a gas at constant temperature : Boyle's law 

If the pressure of a gas changes, its volume also changes even when temperature is constant. This 
variation of volume with pressure is given by Boyle's law. 

Boyle's law : The law states that at constant temperature the volume of a given mass of a gas is 
inversely proportional to the pressure. 

If V be the volume of a fixed mass of a gas and P is pressure, then by Boyle's law Væ- provided 
temperature does not change. d 

^ PV = constant (k) 

The value of the constant depends on (i) mass of the gas (ii) nature of the gas (iii) temperature of the 
gas. 
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So, if V,, M V, etc be the volumes of a fixed mass of à gas at constant temperature and the 
corresponding pressures be P, P, P, eto. thea PV, = PV, PV, = eA (4.1) 

Hence under isothermal condition, the product of. pressure and volume of à fixed mass of à ga is 
constant. 

4.2.1, Different graphs related to Boyle's law : 

In general, Boyle's law can be expressed by three types of curves 

(i) P = V graph : At constant temperature for a fixed mass of a gas (P - V) graph showing the 
variation of pressure P with volume V is a rectangular hyperbola. In fig 4 1 (a) (P ~ V) graphs at differen 
temperatures are shown 


(b) te) 
fig 41 


1 
(ii) (t- r) graph : At constant tamperature for a fixed mass of a gas, the graph of reciprocal of 


volume V i.e. $ and pressure P will be a straight line passing through the origia. | > r } graphs for 
three different tamperatures are shown in fig 4.1(b) 

(iii) (PV — P) graph : At constant temperature for a fixed mass of à gas, the graph of the product of 
pressure P and volume V i.e. PV and pressure P will be a straight line parallel to the P-axis. (PV ~ P) 
graph, for three different temperatures are shown in fig 4.1(c). 

4.2.2. Relation between pressure and density under isothermal condition + 

The relation between pressure and volume for a fixed mass of a gas can be obtained from equation 
(4,1) 


V, 
FM aa [m = mass of the gas ] 


m 
Here £i “7 and Pa = V are the densities of the gas corresponding to the presiones P, and. P, 
i 
respectively, 4 


P 
P. constant... cien nn . 42) 


Here under isothermal condition, density of aga terti menus o on pressure of the - 
Example 4.1 : At normal pressure the volume of a given mass of a gas i» Wires, What 
the volume of the gas at 70 cm Hg pressure with temperature remaining unchanged. 


Solution : For isothermal changes P,V, = P; V; 
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PV, _ 76x3 
BEER TAS 
Vp = opt eg =3:257 


volume of the gas is now 3+257 litres. 


Ex. 4.1(a) : A water bubble is formed 238 ft under water having a diameter of 1rfim, When the 
bubble reaches the surface, what will be the diameter ? The height of water barometer = 34 ft. 
[ J. E. E. 2000 ] 


Solution : From Boyle's law P, V; = P, V, 
P| = pressure at the bottom of the lake = 238 + 34 = 272 ft water column; 


V, = volume of the bubble at the bottom = i (0-05)? c.c. ; 


P, = pressure at the surface of the lake = 34 ft of water; 


2 
V5 = volume of the bubble at the surface = i (3) c.c, 


2 
T 
SD wA A X8 _ 0.008 3 *De0:2chis 2mm 


4.3. Expansion of gases at constant pressure : Charle's law. 

Charle's law given the variation of volume of a given mass of a gas with the change of temperature at 
consant pressure. ! 

Charle's law : The law states that the volume of a fixed mass of a gas at constant pressure increases 


3 
2. 272x Ên (0-05) =34 x4n(2) 


or decreases by 33 of is volume at 0°C per degree celsius rise or fall of temperature. 

Suppose the volume of a fixed mass of a gas at 0°C is Vo and is volume becomes V, when’ the 
temperature is raised to "C keeping pressure always constant. Then by charle's law, 

increase in volume of the gas due to this temperature rise is 


và volume of the gas at 0°C X (temperature rise) 


273 : 
Vot 
V,-Vy = EX 
AOV Ve ( * E Di Pin Toi (4.3) 


The graph showing the variaion of volume V with temperature (°C i.e, (V—-1°C) graph is a straight 
line as shown in fig 4.2. 
Similarly, if the temperature is lowered from 0°C to -t°C then the 
P = Constant. volume becomes 


t 
V-+ = Vo ( -35) PR VELO TD A. TR (4.4) 
Ex. 4.2 : A certain mass of a gas occupies 100 c.c. at 50°C. What 
will be its volume at (1) 0°C and (ii) 70°C, pressure remaining constant 
Solution : (i) Let V, be the volume of the gas. Then by Charle's law 


——À temp. (°C) Equation 4.3] 


50 
Fig. 42 100 = Vo | 1+— ^ Vo =84:52 c.c. 
Ji 2) 0 84:52 c.c 
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(ii) Volume of the gas at 70°C is given by 
t 70 
vw (ret) nes (0) ^ W*106:2 c.c. 

4.4. Regnault's pressure law : 

The relation giving the variation of pressure of a given mass of a gas at constant volume with temperature 
is given by Regnault’s law, 

The law states that the pressure of a fixed mass of a gas at constant 
volume increases or decreases by yyy part of its pressure at 0°C per fe 


degree celsius rise or fall of temperature. 


Suppose P, and P, be the pressure of a given mass of a gas at 0°C t conmo 
and °C respectively, volume of the gas remaining constant. Then by 
t 
pressure law P) = Po (3 
Similarly, pressure at =1°C, P. Py | rg 43 T 


Fig 4.3. shows (P —1°C) graph for a fixed mass of a gas at constant volume. 


4.5. Absolute zero of temperature 1 
From charle's law we see that if the temperature of a given mass of a gas is changed from 0°C to °C, 


its volume will be vew(rez) where Vp = volume of the gas at 0°C. 


Hence if the temperature is lowered from 0°C to -273"C its volume will be V = Vo (i -) » 0. 


It means that at this particular temperataure the gas will occupy no volume, 

Similarly from the pressure law we see that at p = -273°C , pressure of gas r«n[i-25)-o 

At any temperature below ~ 273°C, the pressure and volume of the gas becomes negative which is 
absurd, $ 
Hence both the law points to the existence of the lowest possible temperature of - 273°C where a gas 
would no longer exert any pressure or take up any space. This temperature is thus lowest temperature 
attainable and is called absolute zero. 

€ Definition : The temperature at which the pressure and volume of a given mass of any gas 
are simultaneously zero is called absolute zero of temperature. 

So, absolute zero of temperature is -273^C. Accurate observation gives the absolute zero as -273:16"C. 

Concept of absolute zero of temperature from (V - (^C) and (P —1*C) graph. 

We can also arrive at the concept of absolute zero of temperature from volume-temperature 
| Fig 4.4(a) ] and also from pressure- 
temperature graphs [ Fig 44 (b) | 
Both the graphs are straight lines. 
If the graphs representing the 
behaviour of the gas are extrapolated 
backward they will cut the temperature 
axis at same point marked by A in the 
figures. This point is found to lie at 
-27*C 
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Evidently the pressure and volume of the gas becomes zero at —273°C: So the temperature -273*C 
is the absolute zero of temperature. 


r 


4.6. Absolute scale of temperature : 


°C K A new scale of temperature is devised in which zero of the scale coincides 
100 373 with the absolute zero of temperature. Also 1° of the new scale is equal to 1°C. 
t t+273 This new scale is called absolute scale or Kelvin scale of temperature in honour 


of Lord Kelvin and the temperature on this scale is denoted by TK Melting 
point of ice on this scale is 273K. So any temperature on Kelvin scale will be 


9 ; 273 larger by 273 from the temperature on Celsius scale. Then temperature /°C on 
Celsius scale will be TK = 1°C + 273 on the new Kelvin scale. 
X EMME ge vo gan Ae e c Pto SE e (4.6) 
-273 Fig. 45 0 ‘A Discussion : The value of absolute zero on Fahrenheit scale is -459-4°F, 


Rankin has devised another scale in which the zero of the scale is — 459-4?F 
and 1° difference in new scale is equal to 1°F. It is called Rankine scale and denoted by R. 
o P RER ASSA a solely sin s (4:7) 
4:7. Charle’s law and pressure law in terms of absolute temperature : 


If temperature is expressed in absolute scale then both the Charle’s law and pressure law can be 
expressed in simple forms. 


(a) Charle's law : Let Vy be the volume of a given mass of a gas at 1°C. Pressure remaining 


unchanged. Assume that at ¢;°C and at f,°C , the volumes of the gas be V, and V, respectively. Then by 
Charle’s law 


t 2734 
V2 Vo 1o —L | V, AEE legs Ty.72 2734 t 
; ( i) dira EET E Ue i] 
t) 273415 Vo 
d V42Vg| 22 |= V A -—9.T, [T,-2273 
A of zj- v7 onm n m-meu] 
Ww T V 
ý vp OD, sg = constant. V em Tha vo uiuis M nid 4.7 (a) 


Evidently, at constant pressure (V — T) graph i isa straight line passing through the origin [Fig 4.6]. So 
the changed statement of charle's law is : 


At constant pressure, the volume of a given mass of a gas is propartional to the absolute 
temperature of the gas. 


(b) Pressure law : Let P, be the pressure of the gas at 0°C. Also at 
constant volume, let the pressures be P, and P, at temperatures. 4°C 
and t,°C respectively. There by pressure law 


Pj = n (i i). uj Mat. Foy, 


P = Constant 


— Volume (V) 


273 273 273 
ty 27346, Po 
d P = Po | 1+——|=Pp- 
uti Ji zj- iv TEUER 1 
Pi ul g — 
1 1 p 0 temp. (TK) 
aA a z= A RRC) T AE a ` 
p, or, = = constant T 4.7(b) Fig. 46 
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So, the alternative form of the pressure law is : i 
At constant volume, the pressure of a fixed mass of a gas is directly & 


proportional to its absolute temperature. j 


Evidently (P — Tk) graph for given mass of a gas is a straight line passing 
through the origin (0, 0) [ Fig 4.7 ] 


V = Constant 
Example 4.3: The temperature of a gas is 13°C. At constant pressure 
at what temperature volume will be three times the initial volume ? s 


MoM V, =V (say) 0 


TT V,=3V 0 —temp. (TK) 
T, = 286 K Zo 


7 
r 
‘ 
D 
7 


. Solution : . By Charle's law : > 
V,T, 
n T= bash x286=858K 


1 
Required temperature = 858 K = 585°C 
Ex. 4.4: A hydrogen cylinder can bear maximum pressure of 1000 kg/m?, When the temperature 
is 27°C, the pressure of hydrogen gas is 250 kg/cm?, At what temperature the cylinder may explode? 


P P. Here 
Solution : By pressure law : T = T P, 2250 kg/cm? 
2 
T P, =1000 kg/cm 
« T2, L2 1000x308 =1200K T, =300K 
P, 250 1 


*. Required temperature = 1200 K = 927°C. 


4.8. The coefficients of expansion of gases : : 

We know that expansibility or compressibility of gases is much more pronounced than that of solids 
or liquids. So, the volume and pressure of a given mass of a gas changes by slight variation of its 
temperature. Hence in the case of expansion of a gas we have to consider two types of expansion 
coefficients. A gas can be heated in two ways—al constant pressure and at constant volume. When a gas 
is heated at constant pressure, its volume increases. Coefficient of expansion under this condition is called 


volume coefficient at constant pressure (v ah On the other hand, when a gas is heated at constant volume 
pressure increases. The coefficient now obtained is called pressure coefficient at constant volume (y,). 
(i) Volume coefficient : The volume coefficient of a gas is defined as the fractional increase in 
volume of the gas at 0°C for each degree celsius rise in temperature, the pressure being kept constant. 
Suppose, a fixed mass of gas occupies volumes V, and V, at 0°C and 9C respectively. Then volume 
coefficient is given by 


= fractional increase in volume . V,-Vo 


Y — 
P rise intemperature Vot 


n Ve Vo (1e, t) 1c en LRL Ree ees (48) 


This relation is similar to Charle’s law | [ Equation 4.3]. Comparing the equations (4.3) and (4.8) we 


get Y, 437€ = 0-00366/2C. So, in the case of all ideal gases values of volume coefficients are 


equal. ^ 
(ii) Pressure coefficient : The pressure coefficient of a gas is defined as the fractional increase in 
pressure of the gas at 0°C for each degree celsius rise in temperature, the volume being kept constant. 
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As before, suppose the pressures of a fixed mass of a gas at 0°C and /°C are respectively P, and P, 
Then 9 


er Increase in volume TNN 
Yv = Volume at 0°C x rise in temperature — Vot 
P PLEN e r.c doe ca Soo ees (4.9) 


This equation is similar to pressure law [ equation 4- M 


Comparing the equations 4-5 and 4-9 are set Y, 337 = 0-00366/°C. 
Here also, the values of pressure coefficient of all gases are equal. 


4.9. Relation between volume coefficient and pressure coefficient : 

From experimental observations it has been found that for all ideal gases pressure coefficien Y, and 
volume coefficient Yp are equal. Mathematically we can also prove that these coefficients are equal for 
the gases which obey Boyle's law,and Charle's law. 

Suppose at 0°C the pressure and volume of a fixed mass of a gas be Py and Vy. Now the tamperature 
of the gas is raised to ;? C. This change in temperature can be effected in two ways : 

(i) keeping the pressure constant, temperature is raised to t°C.and the volume increases from V, of V, 


Then volu efficien pV 
n volume coeffi tis Y 
0 t 


a aV N a ea e EAA (i) 


(ii) Keeping the volume constant, temperature is raised to /? C, As a result the pressure increases 
from P, to P, Then the pressure coefficient is given by 
P,-B à 
(Ce 
ot 
Since final temperature /?C is same in both the cases, by Boyle's law we wrote P, V, =P, Vo 


PoVo(1+¥ pt) = Po (1,1) Vo 
SF Wal AUN EA T EEEN ee epee 2 = (4.10) 


€ Reason for taking initial volume at 0°C in calculating volume coefficient 

While defining volume coefficient of a gas we have taken initial volume at 0°C i in contrast to the case 
of solids and liquid, where the initial volume is taken at any temperature. The reason is that the coefficients 
of volume expansion for solid or liquids are very small. But the coefficient of volume expansion of a gas 
is sufficiently large. If initial temperature is not definite, then in the case of gases large errors creep in. 
But the corresponding errors in the cases of solids, and liquids are negligible. For this reason the initial 
temperature of gases is always taken to be at 0°C. The following example will clarify the point. 

Let 0°C the volume of a given mass of a gas is 273 c.c. At constant pressure the temperature of the gas 
is raised to 100°C. By Charle’s law its volume will be 


Vioo = Vo(1+100y ,) = 273 [+ )- 373 c.c. 


If the temperature is raised to 200°C at constant pressure then volume will be 


je -w(re200r,) - 25 (1292) = 473 c.c. 
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Now, if the initial volume is taken to be the volume at 100°C then the volume of the gas at 200°C 
would have been, 


Vao = Vioo[!+ p(t. - )]=373 ( +). 509 c.c. 


In the second case the volume is much higher than the correct value. For this reason, for a sul iniial 
volume should be taken at 0°C. 


4.10. Combination of Boyle's and Charle's laws : Equation of state of an ideal gas : 


Ideal gases obey Boyle's and Charle's law. So, the equation obtained by combining these two laws are 
called ideal gas equation. 
Let pressure, volume and temperature of a given mass of an ideal gas are respectively. P, V, and T. 


From Boyle's law, V =f [ When T is constant ] 


and by Charle's law V e T [ When P is constant ] 


Combining these two laws, V = T [ when T and P both variable ] 


^ iv =k [K = a constant] 
Mil std aera tra eC (4.11) 


The value of K depends on mass of gas and also on the units of pressure, volume and temperature. 
Suppose for a fixed mass of a gas the volume be V, at pressure P, and temerature T,. And also the 
volume of the gas be V, at pressure P, and temperature T}. Then 

BV t PV 
cS Truy Us Con AS. PAYS Ere EM 

The equation (4.12) is called the equation of state of an ideal gas. Rire the physical state of a 
given mass of an ideal gas depends on its pressure, volume and temperature, if for an ideal gas of any 
fixed mass, any two of the three quantities P, V, and T be known, the third can be found out by the above 
equation. 

It is to be nóted real gases do not exactly obey the ideal gas equation under all conditions. It is found 
that at very low pressure and at high temperature the behaviour of real gas can be predicted by the ideal 
gas equation fairly accurately. : 

Example 4.5.:: The volume of certain amount of oxygen gas at 27°C and at a pressure of 70 cm 


Hg is 400 c. c. What will be its volume at N. T. P. 
PV, PV 
Solution : From the ideal gas equaion, E Sa 
Here P, 2 70cm Hg, V, - 400 c.c. T, 2300K P,-76cmHg, V,=? T =273K 
von ze PIV 273 70x00, 
gr TP 300 = 16 
The required volume = 335-26 c.c. 
Ex. 4.6 : The volume of certain amount of air at 0°C is 1 litre. When the bises is raised 
to 136-5° C, the volume become 1:5 litre. Calculate the value of absolute zero of temperature. 
Boe 
Solution. From Charle’s law, Eve T 
Phy (1)—36 


——— = 335.26 c.c. 
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If the magnitude of absolute zero of temperature be To- then, 


AES RL V,=1lit 
Vic Toto V= 15 lit 
Y I = Guo 


11:5 -fgs136:5 

"s = Tot 1365 =- L5 Tg 
.0:55T92-136-5. s Ty2-279C i 
*. The value of absolute zero of temperature is -273°C 


tj = 1365*C 


4.11. Universal gas constant : 
In the equation of state of an ideal gas PV = KT. K is a constant whose value depends on mass of gas 
involved. Because, keeping pressure P and temperature T unchanged if the mass of the gas is doubled, 


volume of the gas will also be double, So the value of K ==) will also be double. Evidently the value 


of the constant K is proportional to the mass of the gas. 

If we consider one gm-molecule or one mole of the gas then K is designated by.R. Now, from 
Avogadro's hypothesis one mole of any gas contains the same number of molecules under identical 
conditions of temperature and pressure. So, the value of R is same for all gases. For this reason R is 
called universal gas constant or molar gas constant. 


So, in the case of 1 mole of any gas, PV = RT and for n mole gas, PV-zRT ........ (4.13) 


If m be the mass of the gas of moleculer weight M, then n= cg 


. Specific gas constant : If we compare the equation (4.14) with PV = KT we get K= S 


Here for 1gm of a gas, r 2 This constant is called Specific gas constant. Evidently the value of 


r will be different for different gases. 


4.12. The value of Universal gas constant : 


The universal gas constant is a gas constant for one mole of an ideal gas. Hence R nd sre 
0 


Here Py = normal atmosphere pressure 
Vo = volume of 1 mole gas at N. T. P and Ty = normal temperature. 


6 
R = LER X22400 P) =76x13-6x980 
3 =1-013x10° dyne / cm? 
=8-31x10" EIRY 
Ed Si ; Vp 222400 c.c. 
-8.3TJ mol K Ty2273K 
72-0 cal mol! K^! 
Value specific gas constant : In this case. 7.— - 
(i) For hydrogen : r= EX 4155 Jgm K^! 
[c 8.31 mm 
(ii) For oxygen : r= -0.26 Jgm K 


32 
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(iii) For nitrogen : r = S51 50.297 Jgm Kk" 
(iv) For sulphor dioxide :.r EA. 0-13 J gm! KT 
Ex. 4.7 : The density of hydrogen is 8:96 x 107? g litre! at N. T. P. Calculate the value of the gas 
constant for 100g of that gas. R = 8:31 cal mol! K-! 
Solution : At N. T. P. one litre of hydrogen weighs 8-96x1072 g 
At N. T. P. 224 litre of hydrogen weighs 22-4x8.96x10? =2 g 
Molecular weight of hydrogen = 2 
New 100 gm hydrogen = 50 mole 
value of gas constant K =nR =50x8-31=4-155x10? J K^! 
Ex. 4.8: Calculate the value of gas constant for 1 gm air. Density of air at NIP = 1-293 gilitre. 
[ J. E. E. 1996] 
Solution : Molecular mass of air, M=1-293x22-4 = 28:96 
gas constant for 1 gm air, ra B= S51 = 0.2896 gee 
4.13. Relation between pressure, tamperature and density of a gas : 
We take m gas of an ideal gas of molecular mass M. 
Let at temperature TK its volume is V and pressure is P. 


Now, by ideal gas equation : PV = Le RT 


PVEN PAR m : 
—=— 4 == |Here pz— = density 
mr M pT M V 
p 
. For particular gas, or^ Constantcete e s bal ATL RAT (4-15) 
1 
(i) If pressure is constant pT = constant .. P "T " 
So, at constant pressure, density of the gas is inversely proportional to the absolute tamperature of the 
gas. : 
P 
(ii) If the temperature is kept constant, qy = constant .. poe P 


` At constant temperature, densiy of a gas is proportional to the pressure of the gas. 


Example 4.9 : At a place air pressure is 75 cm Hg and temperature 27°C. At another place air 
pressure is 70 cm Hg and temperature 17°C. Compare the densities of air at the two places. 


r P, P, 
Solution : The required relation : Pil, = Poly 


BL EL AE 
p, T, P, 300x70 

4.14. Dalton's law of partial pressures : 
If a number of gases are kept in a vessel and the gases do not react chemically with one another, then 
the pressure of the gas mixture at consant temperature can be obtained by Daltan's law of partial pressures. 
Partial pressure : The pressure exerted by an individual gas in a mixture of gases is called the partial 
pressure. It is the pressure which would be observed if the gas alone were allowed to occupy the volume 


of the mixture at the same temperature. 


dn 25x200 e 28 
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Q. 7. During an experiment, an ideal gas is found to obey an additional law VP? = constant. The 
gas is initially at temperature T, and volume V. When it expands to volume 2V, find its temperature. 


[ I. I. T. 1987 ] 
Ans. From ideal gas equation PV - RT ~. P Mee (i). 
The gas also obeys the additional law yp2 — constant. , 


2 
V. (35) = constant [ From equation (i) ] 


T? 
= = constant. 
V 


When the gas expands to a volume 2V, let its temperature be T}. Then, 
T (m ~ T, -42T 
pO Mes ei i 
[ * MISCELLENEOUS EXAMPLES € | 


Example 4.11 : A vessel contains some amount of air at 30°C. To what temperature must it be 
heated so that one-third of the air is driven out ? [ H. S. 2002 ] 
Solution : Initial volume of air at 0°C = Vp (say). As pressure is constant Charle's law is applicable. 


: MU 
volume at 30°C, V, = vies) [5 2 30°C] 


273 
E ZB 
OR cR ie 
t +t 
i °C i 2 2 
and volume of air at any temperature ¢,°C is V= Vo (r3) =V [5] 
Vy 2555 
Vy 27341 
NOW VEN RE ^e VyesW. vend qe 3x C 
ow, 7S era e 279 1 and t= 
3 22 A 
2 2161, Bin eae 


Ex. 4.12 : An air bubble of volume 20 c. c. is situated at the bottom of a lake depth 40 m. What 


will be its volume when it rises to the surface of water. (Normal atmospheric pressure is 76 cm Hg.) 
[ H. S. 2001] 


Solution : From Boyle's law : PjV; 2 PV, [As temperature is constant ] 
EM 4000 


V, =—— zx =" 
2 P, P = 7606 7912 cm Hg. 
= STA -9].4cc. Vi =20c.c; P, = 76cm Hg 


The required volume = 97-4 c. c. 


Ex. 4.13 : A glass capillary tube, sealed at both ends is 100 cm long. It lies horizontally with the 
middle 10 cm occupied by mercury. The two ends of the tube (which are equal in length) contains 
air at 27°C at a pressure of 76 cm of mercury). Keeping the tube in the horizontal position, the air 
column at one end is now kept at 0°C and the other end is maintained at 127°C. Calculate the 
length of the air column which is at 0°C and also its pressure. Neglect change of volume of mercury 
and glass. [ J. E. E. 2001 ] 
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. Solution : Let the area of cross section of the tube = A cm?. Initial volume of airat each end of the 
tube is. Vj € 45A c.c. 


initial temperature, T, =300K and initial pressure, P, = 76cm. Hg. Í; 


In the second case, the temperature at one end = 273 K and length of air at this end = / cm. and 
pressure = P. 


The temperature at the other end is 400K and length of the air column = (90-1) cm. 


B , 16x45A _ PxAI . P(90-1)A 
Vries, ETIE gg T 400 pp ae Ee 
p = 1645x273 EP rome 
= 3001 45cm 10cm 45cm 
E Ota) AM pum l 168 (90—1) 
ZZ 
P 300x36 sAn Maeng 0°C 127°C 


Pressure = 85-3 cm Hg and length of the air column at S dad 


0° C = 365 cm. 
: Ex. 4.14. : A tyre is full of air at 27° C. What is the percentage increase in pressure if the temperature 
is raised to 127° C ? 
Solution : Volume of the tyre is constant. Hence by pressure law, 
Pone Siu o E eda Poh T,-T 


ut RR Ne ad or, 
T T P T P T 


percentage increase in pressure — Eos x100- 400—300 x100 2 33.3396 
T, 300 
Ex. 4.15 : An electric bulb of volume 250 c. c. is sealed when pressure of air is 107? mm of Hg 


and temperature 27? C. Calculate the number of air molecules in the bulb. Given, Avogadro's number 


= 6:0 x 102, : [ H. S. 99] 
Solution : First we calculate the volume of air inside the bulb at NTP. The required relation : 
PoVo ES PV 
To dE : P=10% cm Hg, V=250c.c. 
vc oy T=300K, T)=273K, Py = 76 cm Hg 
Po 


1074 x250 | 273 -5 
-——M—x——-29. 07? c.c. 
Vo 300 X6 29.934 x1 » i 
* . Number of molecules in the bulb SENI x29 uo X TU 5 28:02x105 
? 22400 

 Ex.4.16 : 3 litres of air initially at 0°C and at a pressure of 1 atm is heated at constant volume. 
When the pressure becomes 5 atm, what will be the temperature of air ? Next its pressure is reduced 
to 1 atm at constant temperature. What will be the volume of air now ? Finally the volume of air is 
decreased to 2 litre at constant pressure. What will be the temperature ? 

i P, P. 2 

Solution : In the first case, by pressure law T ED 


oS 
appeal] = = oc 
T, =P, P, 3 x27321365K = 1092 
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2nd case : By Boyle’s law: P} V} = P V 
PVE 92€3 


V5 —— =15 litre 
PP 1 
Mics Ma 
3rd case: By Charle's law : Te m um 
Tpit Vor eto . Ke One 
BN "aS 


Ex. 4.17 : The density of argon at a pressure of 75 cm Hg and at 27°C is 1-6 kg/m?. What will be 
the mass of argon gas in a bulb of volume 100 c.c. if the temperature be 150°C and pressure 75 cm 
Hg ? uat 

Solution : From gas law : PV = mrT [ r= Specific gas constant | 

Here P=75cm Hg, V21m?, m=1-6kg and T=300k 

75x b69Ccr3300: 2 miss qusc es (i) 

Again, : 75x100x107$ = mr (273+150) .........-- (ii) 

From equation (i) and (ii). m=1-135x107 kg. 

Ex. 4,18 : An open glass tube is dipped vertically in mercury so that its 13 cm remains above 
mercury. Now, the open end is closed and is raised further by 35 cm. What is the length of air 
column in the closed tube ? The atmosphere pressure is 76 cm Hg. 

Solution : The situation is shown in fig. 4.11. Initially, volume of air in the open tube, Vj =13 œ 

When œ = area of cross section of the tube and pressure, 

Pi = 76 cm Hg 
4 "Next, by closing the open end, the tube is raised to a total height 
of 35 + 13 = 48 cm. Let the length of air column is / cm. Then the 
length of mercury column in the tube — (48—/) cm 
Now, the volume of air, V5 =/ and its pressure, 
P, =76- (48-1) = (28-1) cm 
By Boyle’s law: 76x13o = (28+1) 1% 
[7 +281-988=0. -. 1-20.39cm 
Length of the air column in the closed tube = 20-39 cm. 


Ex. 4.19 : A cylinder closed at one end is filled with air at atmospheric pressure. It is gradually 
immersed into water with open end downwards until water occupies ind of its volume. How much 
further it can be dipped into water.so that water occupies $n of its volume ? Given atmospheric 
pressure = 76 em Hg and density of mercury = 13:6 g/c.c. 

Solution : Let the volume of the cylinder be V c. c. and pressure ot air is P—76x13:6xg dyne/ 


cm?. Assume that when the cylinder is immersed to a depth of x cm, the water occupies ina of its 
volume. 


Volume of enclosed air is V, = v-iv = Mee, and pressure of air is 


Pj = (76 13-6+ x) x g dyne / cm? 


Now, by Boyle’s law : (16x13-6+ x) x gx 2. = 16x13-6xgxV vi x = 516-8cm 
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Next assume that when the cylinder is immersed to a depth y cm, water will occupy E of the 


volüme of the cylinder. 
Now, volume of air, V), = V -iv =X 


and pressure is P5 =(76x13-6+y)xg dyne/ cm? 


(76x13-64 y) x gx% 276x136 gxV vey ober ia i»: 
Required additional depth, h=y-x 
h=(2067:2—516-8) cm 15. 5m 
Ex. 4.20 : A faulty barometer contains some air above mercury. When the faulty barometer 
reads 75 cm, then the correct barometer reading is 76 cm. When the faulty barometer reads 74:5 cm 
what is the correct atmospheric pressure ? The length of the barometer from the free surface of 
mercury in the vessel = 90 cm. 
Solution : In the first case the volume of enclosed air is V} = (90— 75) o. — 15 at c.c. 
Where œ = area of cross section of the barometer tube. and pressure of the air, Pj 2 (76- 75) 2 1 cm Hg 
In the second case, let the atmospheric pressure = P cm. 
Pressure of air, P5 =(P—74-5) cm Hg 
and its volume, V5 2(90—74.5)a 215.50 c.c. 
Now, by Boyle's law : 15a. x1215:5o (P— 74.5) «= P=75-45 cm of Hg 
Ex. 4.21 : At27°C, the volume of glass flask wih its mouth open is 1 litre. The flask is heated 
to 167? C. After some air escapes, its mouth is closed. Next the temperature of the flask is lowered 
to 27°C, If the atmospheric pressure be 76 cm of Hg, what is the pressure of air in the flask now ? 
Solution : Volume of the flask is fixed at 1 litre. Its initial temperature is 167° C and pressure 
76 cm Hg. 
P, =76cmHg and T, =273+167= 440K 
Final temperature, T, =273+27=300 and pressure P, =? 


P, B Pj 
Now, from pressure law, TUS => PB-T E 
300x76 : 
27: 40 = 61.12 cm Hg. 


Ex. 4.22. : At normal temperature and pressure a balloon can bear 175 kg load. The balloon 
rises to a height where temperature is -10°C and pressure 50 cm Hg. What load the balloon can 
bear now ? 

Solution : Let V = volume of the balloon, p = density of at N. T. P. 

buoyancy of air on the balloon, F,- Vp 


Vp=175 . Par leet 


Now, Let the balloon can bear a maximum load M. At this height pressure is P, =50 cm Hg, 
T, =-10°C = 263K and’ p, = density of air at the height 
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Now, from gas law, —— - —— 


eT AT 
76xV — 50xV ——— -UN5X273 50 9 2) 
175x273 Mx263 bue 263x76 erty eee 


Ex. 4.23 : Some amount of air is enclosed in a glass tube closed at one end by a mercury thread 
of length 30 cm. When the tube is kept vertically with the open end upward then length of the air 
column is 3 cm. But when the closed end upward, the length of the air column is 7 cm. What will be 
the length of the air column when the tube is kept horizontally ? 6 

Solution : In fig 4.12 (i), the pressure on the enclosed air, 

P, = (Po +30) cm Hg. [Po = atmospheric pressure] 

and volume, Vi 23A c.c. [ A = area of cross section of the tube ] 

In the second case, when the closed end is downward, the pressure on the 
enclosed air, P, = (Po - 30) cm Hg. and its volume, V = 7A c.c. 

Now, by Boyle's law : (Py +30)3A =(P) -30) 7A 

Py = 75cm Hg 

Finally when the tube is kept horizontally, 

P, = Po =75cmHg and length of air column is /. 


Now, P3V3=P,V; 


(i) (ii) 
Fig. 412 


105x3 
75 
Ex. 4.24: The volume of a cylinder closed at both ends is 22:4 litre. It contains 4 g hydrogen 
gas at 0°C. If the temperature of the cylinder is raised to 60°C, what will be the pressure ? If now 
the cylinder is filled with 14 gm nitrogen at 0°C instead of hydrogen what will be the pressure when 
the temperature is raised to 100°C ? [J. E. E.] 
Solution : At 0°C and at normal pressure, the volume of 4 gm hydrogen is V, -22-4x2 — 44.8 litre. 
Its pressure P, =1 atm and T-273K 
Final temperature is 60°C and volume V) = 22-4 litre 


T, = 60+273=333K and P, =? 


75xlA=105x3A = l= =4:2cm Hg 


NUS PV, .BM P. .BM aur 
Md. a T EA 

— 1x22.4x2. 333 _ i 
P, = Con "34 ? 44 atm 


If the cylinder is filled with nitrogen instead of hydrogen its volume at NTP is V3 = =! =11-2 litres 
pressure P} =1 atm and temperature T; =273K 


If the temperature of nitrogen is raised to 100°C, it volume is V, =22-4 litres, 
temperature T, = 373K and Py =? 


P,x22.4 | 11:2 
4 m es 3 29. 
Bs es “. Py = 0-683 atm 
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Ex. 4.25 : Two vessels of volume 3 litre and 1 litre are connected by a capillary tube. The vessels 
are filled with air at a pressure of 76 cm Hg and temperature 30*C. Now the vessel of volume 3 litre 
is kept in steam at 100°C and the other at temperature 30°C. Calculate the pressure in the vessels. 

[J. E. E. 1981 ] 

Solution : Total volume of the vessels, V’ — 34.1 — 4 litres ; temperature T, = 30+273= 303K and 
air pressure is. Pj = 76 cm Hg " 

When the temperature is changed, temperature of the first vessel is T; — 373K and temperature of the 
second vessel T, = 303K . Final pressure of both the vessels = P; 


Pov RY -PV P hatl 
Fh i sa M^ 2 E EHETE 
1282 P -76x4 ss Py=88-45cmH 

373 = x e as s cm Hg 


Ex. 4.26 : The area of cross section of a glass tube closed at one end is 0-5 cm?. Some amount of 
air is enclosed in the tube by a mercury thread of length 8 cm. When the tube is kept in vertical 
position with the closed end upwards, the length of the air column is 40 cm at a temperature of 
27°C. Now, the temperature is raised by 30°C and the tube is kept at 60? with the vertical. What will 
be the length of air column now ? Calculate also the mass of enclosed air. Atmospheric pressure = 
76 cm Hg and density of air at N.T.P. = 1:293 kg/ mô, 

Solution : In the first case from fig 4.13(i), the pressure of 
enclosed air P, = 76 — 8 = 68 cm Hg, Volume V, = 40 x 0:5 = 20 c.c. 


and temperature, T, =27+273= 300K. 


In the second case, [Fig 4.13 (ii)] , the pressure of the enclosed 
air, P5 = 76-8cos 60°= 72 cm Hg 
Volumie, V} =/, X05 and temperature T, =273+57= 330K 


72x0-5l 68x2 ) 
cob = Nu Fig, 4:13 
{ 7j =length of the air column in the second case ] 
1, 2 41.55cm 
2nd part : Volume of enclosed air = 20 c. c., its temperature = 274273 = 300 K. To calculate the 
Pre SEU 


mass we have to calculate its density at 27° C. The required relation is PUT = DUIS 


p, = Pot „Pi = 129327368 _ 1.953 kg/m? 
P Tm 76x300 
Mass of enclosed air, in 20x10. x1:053 = 21-06x10" kg 


Ex. 4.27 : The volume of a closed vessel is 0-02 m3, It contains a mixture of neon and argon at 
temperature 27° C and pressure 1 x 105 N / m?. The mass of the mixture is 28 gm. If molar mass of 
20 and 40 g/mol respectively, calculate the mass of the two gases separately. 


neon and argon be [LL T. 1994] 


Assume that the gases are ideal. R = 8:314 J mol! K- 
Solution : The gas equation of n mole of the gas is PV =RT 


Here P=1x10°N/m2, V=0-02m? and T=300K 
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_ PV _ 10°x0-02 
"RT 8314x300 
Let the number of mol of neon gas is 7, . Then, 


n, X 20 + 0:802 x 40 — 28 [ mass of the mixture = 28 ] 
n, = 0-204 mol 


mass of neon = 0-204 20=4-08 gm and mass of argon —28—-4.08— 23.92 gm 


n = 0-802 mol 


Ex. 4.28 : A vessel kept at temperature Tk contains a gas and few drops of water. Total pressure 
inside the vessel is 830 mm Hg. Now, the temperature of the vessel is reduced by 1%. If saturated 
vapour pressure of water (S. V. P.) at these two temperatures be 30 mm and 25 mm of Hg. Calculate 
the pressure after reduction of temperature. 

Solution : The pressure of the gas at TK, P = 830-30= 800 mm Hg. If the temperature is reduced 
by 1%, final temperature = 0-99 T. Assume that final pressure inside the vessel = Pi 

Pit paR . Pn - 
So, by Charle's law, Te T noii Eod 


. PT _ 800x0-99T 

jas ial gU . ! 
Total pressure in the vessel — gas pressure -- saturated vapour pressure = 792 + 25 = 817 mm Hg 

Ex. 4.29 : A man fills tyre of his car to a gauge pressure of 30 Ib/in? at 27? C when the atmospheric 
pressure is 15 Ib/in?. By afternoon (temperature. 12°C) he reached a town where atmospheric 
pressure is 10 Ib/in?. What will be the gauge pressure of tyre of his car ? volume of the tyre may be 
taken to be constant. [ J. E. E. 1989 ] 


P =792 mm Hg : 


Solution : Gauge pressure — pressure of the enclosed gas 4- atmospheric pressure. 
So, initially pressure of air inside the tyre is. P, 2304-15-45 Ib/ m? 
Temperature of air, T, 2273427 =300 K 
At afternoon, pressure of air inside the tyre is P, = Gauge pressure + 10 Ib/in? = (Po +10) Ib/in? 
: [ Py = Gange pressuré (say) ] 
Temperature of air, T} =273+12=285K 


P. 
As volume is constant, TTE. 
2 


45 _ Py +10 : a 


The required gauge pressure = 32:75 1b/in2 
Ex. 4.30 : A ring shaped tube contains two ideal gases with equal masses and relative molar 


masses M, = 32 and M, = 28. The gases are separated by one fixed partition and another 
moveable stopper S which can move freely without friction inside the ring. Find the angle œ as 
shown in figure. [ I. LT. 1997 ] 


Solution : The number of moles of the first gas and the second gas is . 
EX ae ES 

My 732 and IM iag 

Where m = mass of each gas. 


e 
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Í Considering the fig 4-14, the moveable piston will remain in position when the pressure on its both 
sides are equal. Let V, and V, be the volumes of the two gases. Also P and T are their common pressure 
and temperature: then. 


PV, = n RT and PV, = m RT 


Angle a=2 x 8 = 192° 


8+7 


Fig, 4:14 


A. Short answer type questions : 


1. What is the difference between an ideal gas and a real gas ? 

2. What quantities are required to represent the physical state of a gas ? 

3. What is the equation of state of a real gas ? Is this equation is equally applicable in the case of real gases ? 

4, Under what conditions real gases fairly behave as ideal gases ? 

5. Draw P-V, P and PV-V graphs for a certain volume of an ideal gas whose tamperature is kept constant 

6. What is meant by absolute zero of temperature ? Mention its value in Celsius and Fahrenheit scale. 

7. Why -273°C temperature is called absolute zero of temperature ? 

8. What is absolute scale of temperature ? What should be the volume of are ideal gas at the zero of the scale ? 
3 [H. S. 2000] 

9. What is absolute scale of temperature ? 

10. Define pressure coefficient and volume coefficient of a gas. [H. S. 2003] 

11. Fora given mass of an ideal gas draw PV-P isothermal and explain. [H. S. 2003] 

12. What is meant by pressure coefficient of a gas mre 2, 

13. Why 0°C is taken as initial temperature for defining different thermal coefficients of a gas ? 

14. What is the relation between pressure coefficient and volume coefficient of a gas ? What are their values ? 

[J. E. E. 2000] 

15. Why does a gas possess two types of expansion coefficients ? 

16. Why apparent expansion is not considered for gases ? 

17. Define universal gas constant ? What is its value ? 

18. Draw P-t?C graph for a given mass of an ideal gas at constant volume. Show how the value of absolute zero 


of temperature is obtained from the graph. 

19. Draw V-t?C graph for a given mass of a gas at constant pressure, Show how the value of absolute zero be 
obtained from this graph. 

20. What is meant by specific gas constant ? Is the value of the constant same for all gases ? 

21. An ideal gas obey the relation VP? = constant during expansion. Initial temperature of the gas is T and initial 


volume is V. What will be its temperature if the volume becomes 2V ? (I. I. T. '87] 
22. During expansion an ideal gas obeys the relation PV? = constant. Show that in this type of expansion there will 
be cooling effect ? (J. E. E. '98] 


23. State Charle's law related to expansion of a gas. How can the concept of absolute zero of temperature be 


obtained from it? 
24. What is universal gas constant 2 [H. S. 2002] 


B. Essay type questions : 


1.(a) State and explain Boyle's law. If this law is true for all gases ? 


ing i n - loue 1 
(b) For a given mass of an ideal gas draw the following isóthermals : (i) P-V (i) P-x- (ii) Visi 


(iv) PV -=V and (V) PV - P. 
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(c) 


2.(a) 
(b) 


3.(a) 


(b) 
4.(a) 


(b) 
5.(a) 
(b 


L- 


6.(a) 


(c) 
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A balloon is being filled by hydrogen gas at constant temperature. In ux case both volume aud pressure of the 
gas increases. Explain this from Boyle’s law. 


State and explain Charle’s law for a gas. [H. S. 1997] 


Draw (V-1°C) and (V-TK) graph for an ideal gas of fixed mass for two different pressures. How the concept 
of absolute zero of temperature is obtained from the first graph ? 


Define pressure coefficient and volume coefficient of a gas. Prove that for a perfect gas these coefficient are 
equal in magnitude. [ H. S. 2003 ] 
What is meant by pressure coefficient of a gas is zs ? [H. S. 2001] 
Establish ideal gas equation from Boyle's law and Charle's law. What is universal gas constant ? Mention its 
value. [H. S. 2001] 
Explain how the absolute scale of temperature is defined. 

What is a universal gas constant ? [ H. S. '*98] 
Calculate the value of universal gas constant R and W the gas constant k for 1 gm of air. Given density of air 
at NTP -1:293g/ litre and density of mercury = 13-6 g/c.c. [ J. E. E. 1996 ] 


What is meant by an ideal gas ? Under what conditions a real gas may be treated as an ideal gas ? Give reasons 
for your answer. 


What is meant by equation of state. Derive it for an ideal gas. 


A vessel contains 1 mole of O, gas (relative molar mass 32) at a temperature. The pressure of the gas is P. An 
identical vessel containing one mole of He gas (relative molar mass 4) at a temperature 2T. What is its pressure? 
(I. I. T. 1997] 


Simple numerical problems : 


. A vessel contains some amount of air at 30°C. To what temperature must it be heated so that one-third of the 


air is driven out ? [te -35^€] [ Ans. 181.5? C] [ H. S. 2002 ] 


. An air bubble of volume 20 cic. is formed at the bottom of a lake of depth 40 m. The bubble rises to the 


surface of water. What will be its volume just before the surface of water is reached ? [atmospheric pressure is 
76 cm Hg] [H. S. 2001] . [ Ans. 97.4 c.c. ] 


. An air bubble of diameter 1 mm is formed at a depth of 238 ft inside water of a lake. What will be the 


diameter of the bubble when it reaches the surface of water of the lake ? Given, temperature is same every 
where. Height of water barometer = 34 ft. [ Ans. 02 cm ] [ J. E. E. 2000] 


; At constant temperature, the volume of a given mass of a gas is reduced by - part of its initial volume by 


applying pressure, If the initial pressure be 1 atm, calculate the final pressure. [ Ans. 6 atm ] 


. One litre of air is heated from 27°C to 177°C at constant pressure. What will be its volume now ? 


[Ans. 1-5 litre] 


. The volume of a given mass of a gas is 640 c.c. at a temperature of 47°C and at 75 cm Hg pressure. Calculate 


its volume at N. T. P. [ Ans. 539 c.c. ] 


. At N. T. P. one litre of dry air eig 1,293 gm. What will be the mass of 3 litres of dry air at 115°C 


temperature and at pressure of 4 atm ? [ Ans. 10:92 gm ] 


. What is the volume of 1 gm-molecule of a gas at a temperature of —173^C and pressure 100 atm. 


[Ans. 82 c.c.] 
The volume of one litre of air at me becomes 1-5 litres at 136-5°C. Calculate the value of absolue zero of 


temperature. [Ans. -273*C] 


. When the temperature of 5 lire gas is raised from 0°C to 35°C at constant pressure, the volume increases by 


640 c.c. Calculate the value of absolue zero of temperature on Celsius scale. [Ans. -273-43°C]  [H.S.] 


. A person fills tyres of his car to a gauge preseure of 30 Ib/in? a 27°G when the atmospheric pressure is 15 Ib/ - 


in?. By afternoon (temperature 12°C) he reached a town when the, atmospheric pressure is 10 Ib/in2. What will 
be the gauge pressure of tyres of his car ? Volume of the tyres may IBS taken as constant. [ J. E. E. '89] 


[ Ans. 32:75 Ib/in? ] 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


25. 


26. 


27. 
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The length of the tyre of a car is 1-5 m and diameter 14 cm. What volume of air at atmospheric pressure be 

introduced into the tyre so that the pressure of air inside the tyre be three times the atmospheric pressure ? 
[Ans. 69-3 litres] 

At what depth inside the water of a lake, the volume of an air bubble be half its volume at the surface of water. 


Atmospheric pressure is 76 cm Hg and densiy of mercury 13-6 g/c.c. [Ans. 1033-6 cm] 
The volume of 10 gm oxygen gas at a pressure 2 atm and at temperature 20* CR 3-75 litres. Calculate the value 
of universal gas constant. - [Ans. 8:3 J mol"! k~!) 
The volume of an air bubble at the surface becomes 5 times its volume at the bottom of a lake. If the atmospheric 
pressure be 76 cm. Hg, calculate the depth of the lake [ Ans. 41:94 m ] 
At a place temperature is 27°C and atmospheric pressure is 75 cm. At another place temperature is 17° C and 
pressure is 70 cm Hg. Compare the densities of air at the two places. [Ans. 29:28] [J. E. E. '99] 


An electric bulb at the time of manufacture is sealed at a temperature of 27°C and internal pressure 12x10% cm 
Hg. If the volume of the bulb be 100 c.c., calculate the number of molecules in the bulb. Avogadro's No. = 
6:023 x 102. [Ans: 386x107 ] — [J. E. EJ 
The length of a barometer tube is 85 cm. The volume of the space above mercury in the barometer is 10 c.c. 
Now 1 c.c. air at atmospheric pressure is introduced into the barometer. What will be the reading of barometer 
now? The area of cross section of the barometer tube is 1 cm?. [Ans. 70 cm] 
There is some amount of air in the space above mercury. This baromieter reads 74 cm when a true barometer 
reads 76 cm. Again, when the actual reading is 72.75 cm, the faulty barometer reads. 71:0 cm. Calculate the 
length of the barometer. [Ans : 95cm] [J. E. E. 89] 
Some air is enclosed in a narrow tube closed at the end by mercury thread of length 15 cm. When the tube is 
held vertically with the open end upward, the length of the air column is 10 cm at 27°C. When the open end is 
downward the length of the air column is 15 cm. At what temperature the length of the air column be 20 cm in 
the inverted position of the tube ? [Ans. 127°C] 
A uniform glass tube is closed at both ends. Its length is 100 cm. The middle part of the tube of length 12 cm 
is occupied by mercury. At thé two ends of the tube there are air at a pressure of 76 cm Hg. Now if the tube is 
held vertically, what will be the displacement of the mercury thread ? [Ans. 3:5 cm] 


[Hints : 44x76 = P, (44-3) - (P +12) (44-3) 
P, (44 +x) P (44— x) + 12 (44-2) 


P= 6(44 - x) 
x 
also, 44 x 76= Seer) x=3-5cm] 
A gas is enclosed in a vessel at 0°C and at 740 mm Hg pressure. If the expansion of the vessel is neglected 
what is the pressure of the enclosed gas at 27°C ? [Ans. 813-2 mm Hg] 


‘Two glass bulbs A and B having volume 500 c.c. and 200 c.c. respectively are connected by a capillary tube. 
They contains dry air, at 27°C and at a pressure of 76 cm. If the smaller bulb be kept at 27°C and larger bulb 


at 127°C, Calculate the pressure of the enclosed gas. [ Ans. 92:5 cm Hg ] 
Some amount of air is enclosed in a vessel at 60°C, To what temperature the vessel be heated at constant 


pressure so that iu part of initial volume of air escapes from the vessel ? [ Ans. 226:5°C] 


Calculate the value of gas constant (r) for 1 g of air. Given density of air at NTP = 1-293 g/litre. and density of 
mercury = 13-6g/c.c. (Ans. 0287 J g^! k-!] [ J. E. E. 1996 ] 

A vessel of volume one litre is air filled at N. T. P. Keeping the vessel closed if the temperature is raised to 
100*C, what will be the pressure of the confined air ? qm. 

If during heating the month of the vessel is kept open what fraction of air will escape ? 


B 
[Ans. 1.37 atm ; 573] 


are connected by a narrow tube. They are filled with air at N. T. P. One bulb 


lumes 
Mee kept.is a hot water bath. As a result the pressure inside the bulb rises to 


is kept at 0°C and the other bulb is 4 
877-6 mm Hg. What is the temperature of the hot water bath ? [Ans. 97*C] 


516 
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A glass vessel of volume 500 c.c. whose mouth is open is air filled at 27°C and at a pressure of 76 cm Hg. 


* With the mouth kept open temperature of the vessel is raised to 167°C and then the mouth is corked. Now, the 


29. 


35. 


36. 


38. 


2, 


temperataure of the vessel is reduced to 27°C. Calculate the pressure of-air inside the vessel. 

` [Ans. 51-82 cm Hg] 
A vessel of volume 10 litre is full of oxygen at N. T.-P.-The temperature of the vessel is raised to 27°C and then 
the mouth is open so that the pressure drops to 75 cm Hg. Calculate the mass of the expelled oxygen gas. 
Density of oxygen at N. T. P = 1-43 g/litre. - [Ans. 1:452 gm] 


. A flask whose mouth is closed by a cork is full of air at 20°C and at a pressure of one atm. When the pressure 


of air becomes 1-7 atm due to heating the cork goes off. At what temperature this happens ? [Ans. 225-1°C] 


. A vessel of volume 0:5 litres is full of air at 50°C and at a pressure of 10 atm. Another vessel of volume 0:75. 


litre is also full of air at 30°C and at a pressure of 12 atm. Now the vessels are corrected by a narrow tube and 


temperature is raised to 97°C. Calculate final pressure of the air inside the vessels. [Ans. 13:38 atm] 
Two bulbs having equal volumes are connected by a narrow tube and is full of air at N. T. P. Now, one bulb is 
put in boiling water and the other in ice. What will be the final pressure ? [Ans. 87-76 cm Hg] 


. The volume of a bottle is 500 c.c. With the open end downwards, the bottle is gradually immersed into water. 


Calculate the depth of water when 100 c.c. water enters into the bottle. Atmospheric pressure is 75-6 cm Hg 
and density of mercury = 13-6 g/c.c. [ Ans. 2:57 m] 
A narrow and uniform glass tube of length 80 cm is vertically half immersed into mercury. Now, the upper end 
of the tube is closed and raised vertically from mercury. It is found that 23-0 cm of mercury column remains 
inside the tube. Calculate atmospheric pressure. [ Ans. 77-12 cm Hg] 
At the top of a mountain temperature is 7°C and atmospheric pressure 70 cm'Hg. At the bottom of the mountain 
temperature is 27°C and atmospheric pressure 76 cm Hg compare the densities of air at the top and at the 
bottom of the mountain. [Ans. 75 : 76] [H. S. ’92] 
The lower end of a vertical capillary tube is closed. Some amount of ideal gas is enclosed between the closed 
end and a column of mercury. The other end of the tube is open to atmosphere. The length of the mercury 
column and the air column are respectively 20 cm and 43 cm. Now the tube is kept inclined at 60° with the 
vertical. What will be the length of air column at this position of the tube ? . [Ans. 48 em] [I I. T.] 


. A uniform glass tube is closed at both ends. In its horizenal position, exactly middle portion is occupied by a 


mercury thread of length 5 cm. The two portions of the tube on either side of the mercury thread are filled with 
air at a pressure P. When the tube is kept inclined at 60° with the vertical, the length of the air column at the 
upper part is 46 cm and at the lower part the length air column is 44-5 cm. Calculate the value of P. The 
temperature of the system is 30°C. , [Ans. 75-35 cm Hg] 
Some amount of dry air is enclosed between the closed end of a uniform glass tube and a thread of mercury of 
length 10.cm. When the tube is held vertically with the open end upwards the length of the air column is 25 cm 
at a temperature at 12°C. To what temperature the tube should be heated so that mercury column rises 5 cm. 
[Ans. 69°C] 


.. The mass of one litre argon gas at 15°C and at a pressure of 74 cm Hg, is 1:62 gm. Calculate density of argon 


at normal temperature and pressure. Also calculate molecular mass of argon. [Ans. 1-755 g/lit ; 39:31] 
Some amount of gas is kept in a hollow sphere at atmospheric pressure and at a temperature of 30°C. At what 
temperature will the pressure be doubled ? Consider the volume to remain constant. 

[ Ans. 333°C]  [J. E. E. 2001] 
Harder numerical problems : 


. A vessel of volume V = 0-03 m? contains an ideal gas at 0°C. After a portion of the gas is let out the pressure 


in the vessel decreases by AP = 0:78 atm (the temperature remaining constant). Find the mass of the gas 
released. The density under normal condition is = 1-3 g m3. [ Ans. 0-03 kg] 
When a barometer reads 75 cm, the length of the Torricellian vacuum is 20 cm. When 10 c.c. air at atmospheric 


_ pressure is introduced into the space above mercury in the barometer, the barometer reading drops to 45 cm. 


Calculate the diameter of the barometer tube. [0:789 cm] [ J. E. E. 1995] 


. A mercury barometer is kept at normal temperature and pressure. The temperature of mercury in the barometer 


is now raised by 1?C, but the temperature of atmosphere does not change. If the coefficient of volume expansion 
of mercury be 1gx19-5/ec and that of tube is negligible, what will be the change of mercury height in the 
barometer tube. Y [Ans. 0.01368 cm] 


6. 


8 


10. 


1. 


12. 


13. 
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. A glass capillary tube sealed at both ends, is 100 cm long. It lies horizontally with the middle 10 cm occupied 


by mercury. The two ends of the tube (which are equal in length) contains air at 27°C at a pressure of 76 cm 
of mercury. Keeping the tube in the horizontal position, the air column at one end is now kept at 0°C and the 
other end is maintained at 127°C. Calculate the length of the air column which is at 0°C and also its pressure. 
Neglect the change of volume of mercury and glass. [ Ans. 36:5 cm ; 85:3 cm | [ J. E. E. 2001 ] 


. A vessel A of volume 1 litre is connected to another vessel B of volume 400 c.c. and they are filled with air at 


N. T. P. Now the temperature of vessel A is raised to 100°C calculate (i) final pressure of air in both the vessel. 
(ii) mass of air transferred from one vessel to another. Given density of air at N. T. P. = 1-29 g/litre. 

E [Ans. (i) 94 cm of Hg (ii) 0:12 gm] 
A barometer reads 76 cm and length of Torricellian space is 9 cm. What volume of air at atmospheric pressure 
be introduced in the above space so that height of mercury in barometer becomes to 57 cm. Area of cross 
section of the barometer tube = 1 cm? [ Ans. 7 c.c. ] 


. One end of a uniform glass tube is closed. Some air is enclosed in the tube by a column of mercury of length 


h cm. When the tube is held vertically with the closed end upward, the length of the air column in the tube 
becomes /, cm. But when the open end is in the upper position, the length of the air column is l, cm, Calculate 


the atmospheric pressure. E (i n) cm J 
There is some air above mercury in a barometer, When the true barometer reads 77 cm, the faulty barometer 
reads 76 cm. Again when the true barometer reads 75 cm, the faulty barometer reads 74 cm. When the true 
barometer reads 77 cm, what is the length of air column in the faulty barometer ? When the faulty barometer 
reads 75-2 cm, what will be reading of the true barometer ? Assume temperature to be constant. 

t [Ans. 7:2 cm ; 76 cm ] 


. Some amount of air is enclosed in a glass tube closed at one end by a thread of mercury of length 8 cm. When 


the tube is held vertically with the closed end upwards the length of the air column is 40 cm at 27°C. If the 
temperature is raised to 60°C and the tube is kept inclined at 30? with the vertical, what will be the length of 
the air column ? The area of cross section of the tube is 0-5 cm?, atmospheric pressure 76 cm Hg. Calculate 
also the mass of enclosed gas. Density of air at N. T. P. = 1-293 x 103 g/c.c. 

[ Ans. 41-5 cm ; 21:05 x 10 gm] 
The volume of a cylindrical vessel is 10* c.c. It contains oxygen gas at 27°C and at a pressure of 
2:5 x 10° dyne / cm?. When a part of oxygen escapes the pressure drops to 1-3 x 10$ dyne/cm?. What is the 
mass of oxygen that has been expelled ? Molecular mass of oxygen is 32. [ Ans. 15:36 gm ] 
Two identical barometers are placed side by side. In one tube mercury rises upto the top end of the tube. But 
in the other tube there is some air and the mercury rises upto 1 cm below the top end. When the temperature of 
air is raised by 63°C, the mercury column descends by 1 mm. Calculate initial temperature of air. [Ans. 27°C] 
The lower end of a vertical cylinder of length 100 cm is fixed and at the upper end a frictionless, air tight and 
moveable disc is attached, An ideal gas is enclosed in the cylinder. Initially when the disc is in equilibrium 
with enclosed gas and the atmosphere, then length of the gas column in the cylinder is 90 cm. Now mercury is 
placed on the disc, when the disc descends by 32 cm, their mercury above the disc overflows. 
Calculate atmospheric pressure. Assume temperature of the gas constant. Thickness and weight of the plate is 
negligible. [Ans. 76-125 cm Hg ] 
A tube containing a column of mercury isolates a certain volume of air from the medium. The tube can be 
turned in a vertical plane. In the horizontal position of the tube, the column of air in the tube has a length /, 
and in the vertical position with air column at the top, the length of the air column is l}. Find the length / of 
the column of air when the tube is inclined at an angle @ to the vertical. 


hb 
[ J. E. E. 1988 ] 


| h= b - (b - l) cos 0 
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TOPICS : Calorimetry ; Different units of heat; Specific heat; Heat absorbed or 
released by a body ; Thermal capacity of a body; Water equivalent of a body; Principle of 
Calorimetry; Measurement of high temperature by Calorimeter; Effect of high specific heat of 
water; Examples. 


5:1. Calorimetry : 

Heat is a physical quantity. So it can be measured. The method by which a 
quantity of heat either absorbed or given out by a body, is measured is known as 
calorimetry. The vessel used for such measurement is called a calorimeter. It is 
usually cylindrical copper vessel [Fig 5.1] with a stirrer also made of copper. 

5.2. Different units of heat : 

The unit quantity of heat is defined as the heat required to raise the temperature 
of unit mass of pure water by 1°. We can obtain different units of heat by expressing Fig. 5-1 
mass and temperature in different units. Different units of heat are : 

(i) Calorie : It is the C. G. S. unit of heat. It is the amount of heat required to raise the temperature 
of 1 gm of pure water by 1°C. 

(ii) British Thermal Unit (BTU) : It is the F. P. S. unit of heat. It is the heat required to raise the 
temperature of 1 Ib of water by 1°F. 

(iii) Therm : It is the commercial unit of heat. One therm is the amount of heat required to raise the 
temperature of 10° Ib of pure water by 1°F. s 
(iv) S. I. Unit : In this system no separate unit is attached with quantity of heat. As heat is a form of 
energy unit of energy is taken as the unit of heat in SI system. So joule is the unit of heat is SI system. 


Experimentally Joule has shown that 1 cal of heat is produced at the expense of 4:2 joule of work. 
So, 1 cal = 4-2 joule 


5.3. Specific heat : 

When heat is supplied to a substance its temperature rises (except during change of state). It is found 
that if same quantity of heat is supplied to the same mass of different substances, the rise of temperature 
will be different for different substances. Actually, rise of temperature when a certain quantity of heat is 
supplied to it depends on the nature of the substance. This nature of the substance is characterised by the 
quantity called the specific heat or specific thermal capacity of the substance. 

Definition : The specific heat of a substance is defined as the amount of heat required to raise 
the temperature of unit mass of the substance by one degree. It is denoted by s. 

In C. G. S. specific heat is the heat measured in calorie required to raise the temperature of 1 gm.of 
the substance by 1°C. 

In SI, specific heat is the quantity of heat measured in joule, required to raise the temperature of 1 kg 

of the substance by 1 K. 


9 Unit of specific heat : (i) In C. G. S. system unit of specific heat is cal g^! °C-!. and (ii) in SI, 
the unit of specific heat is J. kg“! K-!. 
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Example : Specific heat of copper is 0-093 cal g^! °C-! means that 0:091 calorie of heat is 
needed to raise the temperature of 1 gm copper by 1°C. z 
__ In SI, specific heat of copper is 389 J kg"! K-!. It means that 389 Joule of heat energy is required to 
raise the temperature of 1 kg copper by 1 K or 1°C. 
€ Table to show specific heat of some substances € 


Substance Sp. heat 


CG. S. 

Cal g^! °c-! 
Copper 389 Water 
brass 385 Kerosene 
Aluminium 900 Terpentine 0-42 1760 
lead 125 Alcohol 0-6 2520 
iron 490 Silver 0:0562 236-1 
glass 670 Mercury 0:033 140 
ice 2100 
carbon Es 


5.4. Heat absorbed or released by a body : 
If *s be the specific heat of a substance, then 1 g of the substance will absorb or given out s calorie of 
heat for 1?C rise or fall of temperature. 

m gm of the substance for 1°C rise or fall of temperature will absorb or give out ms calorie of 
heat. Hence m gm of the substance for 1°C rise or fall of temperature will absorb or gives out Q= mst 
celorie of heat. 

: Q se Inst Ls aes enl aon e JOE Reni T (5.1) 

In SI, Q= mst joule [m is in kg] and in C. G. S. system, Q = mst cal [ m is'in gm ] 

Example 5.1: (a) How much heat is required to raise the temperature of 200 g of copper from 
20°C to 100°C. Given, specific heat of copper = 0:093 cal gioca 

(b) If this heat is given to 200g of lead at 20°C, what will be its final temperature ? specific heat 
of lead = 0-03 cal g^! °C"! 

Solution : (a) Heat required Q = m s t 

Q - 200 x 0-093 x (100— 20) = 1488 cal 
(b) When lead is given this amount of heat, let the final temperature is °C. 


1488 = 200x 0-03x (r -20) Q - 1488 cal 
-200 g. 
1488 m-200g 
t= 500x0-03 * 207 268 s=0:03 CGS. 
Final temperature = 268°C t=? 


5,5. Thermal capacity of a body : 
Definition : The thermal capacity of a body is the amount of heat required to raise the temperature of 
the body by 1°. It is also called heat capacity. 
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Hence from equation (5.1). 


Thermal capacity C2 ms ...... entrees (5.2) 
In C. G. S. system unit of thermal capacity is cal °C-! and in SI, unit is J k. 

c 
€ Alternative definition of specific heat : From the equation (5.2), $ = at 


Hence specific heat of a substance is equal to its thermal capacity per unit mass. 

5.6. Water equivalant of a body : 

Definition : The water equivalent of a body is defined as the mass of water which absorbs or gives 
out the same quantity of heat as is done by the given body for the same rise or fall of temperature. Letm 


be the mass of a body and its specific heat is s cal g`! *C-l. So heat required to raise the temperature of 
1°C of the body = m s cal. 


Now, m s calorie of heat can raise the temperature of ms gm by 1°C 
water equivalent of the body, W = ms gm 
€ Value of water equivalent in SI : If the mass of body be m kg and its specific heat s J Kg! 


K- then to raise the temperature of the body by 1K heat required is Q =m s joule. Now, let ms joule of 
heat can raise the temperature of water of mass W by 1K. 


Q=ms = Wx4200x1 [ + in SI ‘s’ of water = 4200 J Kg! Ky 
: __ms 
Water equivalent of the body, W= 7200 Kg 


In SI. unit of water equivalent is Kg. 
€ Difference between water equivalent and thermal capacity 


1. Thermal capacity denotes some amount of heat. On the other hand, water equivalent denoted some 
amount of water. 


2. In C. G. S. system both of them are numerically equal to the product of mass and specific heat. But 
in SI, these two quantities are not numerically equal. In this system, the value of water equivalent is 
obained by dividing the value of thermal capacity by 4200. 

3. Their units are different. Thermal capacity is expressed in heat units ; but water equivalent is 
expressed in units of mass. 

Example 5.2: The mass of a metal is 20g and specific heat 0-25 cgs. Calculate thermal capacity 
and water equivalent of the metal. How much heat is required to raise its temperature by 25°C ? 


Solution : 1st part: The thermal capacity of the body is C = ms = 20x 025 = 5:0 cal °C"! and 
water equivalent, W = ms g = 5:0 g. 


2nd part: Heat required , Q = mst 
nt OE S625 Soe Z5:cal 
Ex. 5.3: The ratio of densities of the materials of two bodies 2 : 3. Their specific heats are 0-12 
and 0-09 cgs. Compare their thermal capacities per unit volume. 
Solution : Let the densities be 2p and 3p. 
" mass per unit volume of the two bodies are respectively 2p and 3p. 
Thermal capacity per unit volume of the first body, C} =2p x 0-12 =0-24p 
and for the second body is C; =3p x 0-09 =0-27p 


" _ €,,024p 8 
The required ratio, €, 027p 9 
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5.7. Principle of Calorimetry :: 


In calorimetric measurement two bodies at different temperatures are brought in contact inside the 
calorimeter. They exchange heat with each other. The body at higher temperature loses heat, while the 
one at lower temperature gains heat. This transference of heat continues until both the bodies acquire a 
common temperature. This condition is called thermal equilibrium. 


After the two bodies are put in contact if (i) no heat enters the calorimeter from outside, (i) no heat 
leaves the calorimeter and (iii) no chemical reaction takes places between the bodies then from the principle 
of conservation of energy we write, heat given out by the hot body is equal to the heat received by the 
cold body, 


Hence the principle of calorimetry is : 

Under thermally isolated condition, heat lost by the hot body must be equal to the heat gained 
by the cold body. 

5.8. Measurement of high temperature by calorimeter : 


We cannot measure very high temperature (e.g., temperature of furnace or of fire flame ) directly by 
a mercury thermometer. But by applying. the principle of calorimetry we can easily determine the 
temperature of a furnace or any other high temperature. 


Method : (i) A calorimeter of known water equivalent is taken. (ii) Into the calorimeter a non- 
volatile liquid of known mass and specific heat is taken. (iii) A small metal ball whose melting point is 
higher than the unknown temperature is taken. Its mass and specific heat are also known. (iv) Initial 
temperature is measured by the thermometer. (v) Next the metal ball is put into the furnace for sometime 
and quickly transferred into the liquid of the calorimeter. (vi) the liquid in the calorimeter is stirred well 
and final temperature is measured. 


Calculation ; W) gm- water equivalent of calorimeter and stirrer. 


m gm = mass of liquid taken in the calorimeter ; — s, cal g | C^! = sp. heat of liquid. 
M gm - mass of the metal ball 

S cal g^! *C7! =sp. heat of the metal ball. 

0, = initial temperature of the liquid and calorimeter in °C 

0 temperature of the furnace in °C 

05*C — final temperature of the mixture 

Heat received by the calorimeter and liquid — (W-ms;) (85 — 9) cal. 


Heat given out by the metal ball = MS (0—0,) 
Now, from the principle of the calorimeter (W+ms,)(8,-,)= MS (0-8,) 


5.9. Effect of high specific heat of water : 

The specific heat of water is 1 cal g^! *C-! which is much higher than the specific heats of other 
liquids and solids. Consequently, water will require or reject more heat for 1°C rise or fall of its temperature 
than an equal amount of any other substance for the same purpose. So water can act as a source of heat. 
Because of its high specific heat water can behave as a good coolant and can be used in automobile 
radiator. Water is also a good heater and are used in hot water bags or bottles. In cold areas, rooms are 


kept hot by circulating hot water through pipes. 
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Due to high specific heat of water, daily or seasonal temperature variation at places on the sea-coast is 
minimum. Also due to high specific heat, the sea warms up much more slowly than the land during 
summer and consequently the winds from the sea is comparatively cold. During winter warm sea winds 
make the weather comfortable. The high specific heat of water is also responsible for land and sea breezes. 


[ € MISCELLANEOUS EXAMPLES e| 


Example 5.4 : A piece of metal of mass 70 gm is heated and then droped into the water of a 
calorimeter. Mass of water is 116 g and water equivalent of the calorimeter 100 g. If fall of 
temperature of metal is 15 times the rise of temperature of water and calorimeter, calculate specific 
heat of the metal. [ H. S. 1996] 


Solution : Let specific heat of the metal be s cal g^! *C-!. Let fall of temperature of metal is 15 °C 
and that of water and calorimeter is ^C. 
heat lost by the metal. Qj =ms X 15t 
Q, = 70 x s x I5t = 105 st cal 
Heat gained by water and calorimeter, Q, = (100-116): cal 
1050/52216; ~. s=0-206 <. The required sp. heat = 0-206 ¢-8-S. unit. 


Ex. 5.5: A vessel contains 50 kg water at 50°C. Water from each of hot and cold water taps is 
supplied to the vessel at the rate of 20 kg/min. The temperature of hot water is 55°C and that of cold 
water is 2°C. Calculate the time after which the temperature of the water in the vessel reduces to 
30°C. Neglect loss of heat. : 

Solution : Let water from both the taps was supplied for t min. The final temperature is 30°C. During 
this time mass of hot water or cold water is 20 t kg. Heat lost by hot water = 20 ts (55 — 30) = 50015 

Heat lost by water in the vessel = 50 s (50 — 30) = 1000 s 

Heat received by cold water = 201s (30-2) = 560 ts 

5001+1000=500¢ = 1-100 = 16 min 40 sec. 
time = 16 min 40 sec. 

Ex. 5.6: The heat required to raise the temperature of 3 kg copper from 0°C to 10°C can raise 
the temperature of 1 kg lead from 10°C to 100°C. If the sp. heat of copper is 0-093 cgs., calculate 
that of lead. 


Solution : Let the sp heat of lead = s cgs. Heat required to raise the temperature 3 kg copper from 
0°C, to 10°C, Q=3000 x 0:093 x 10 = 2790 cal. 


Also, heat required to raise the temperature of 1 kg lead from 10°C to 100°C is 
Q=1000x5sx90 = 9x 104s cal. ; 
By question, 9x104s=2790 s= 0-031. 
Sp. heat of lead = 0-031 calg! *C^! 


Ex. 5.7: An alloy is made of 60% copper and 40% nickel. A piece of the allay of mass 50 gm 
is heated to 80°C and dropped into a calorimeter of mass 10g. The calorimeter contains 90 gm 
water at 10°C. Calculate the final temperature of the mixture. Specific heat of copper = 0-09 cgs and 
that of nickel is 0-11 cgs. ^ [H.S.] 


Solution : Mass of copper in the alloy, m =50x0-6= 30g and mass of nickel m; =50x0-4= 20g 
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If the temperature of the mixture be 7°C then, heat given out by the alloy 
= (30 x 0:09 + 20 x 0:1) (80 — t) = 4:9 x (80 — 1) cal. 
Heat received by calorimeter and water = (10 + 90) (t — 10) = 100 (t — 10) cal. 
100 (1-10) 24.9(80-7) = t=13-27°C 
Final temperature of the mixture 13-27°C 
Ex. 5.8: The water equivalent of an electric kettle is 100 g and it contains 890 g of water. Initial 
temperature of water 20°C. When current is passed through the heating coil of the kettle, water 
takes 3 min 45 sec to reach its boiling point. Calculate the rate at which heat is produced in the 
electric kettle. Assume that 20% of heat produced is lost. 


Solution : Let Q cal/s = rate of production of heat by the kettle. 
heat produced in 3 min 45 sec. — 225 Q cal. 
and effective heat = 225Q x 0:8 = 180 Q cal. 
Heat received by kettle and water 
= (890 + 100) (100 — 20) = 990 x 80 cal. 
180 Q = 990 x 80 4 Q =440 cal s*! 
Ex. 5.9 : The temperatures of three liquids A, B and C of equal mass are respectively 12°C, 19°C 
and 28°C. When A and B are mixed the temperature of the mixture is 16°C. When B and C are 


. mixed, the temperature of the mixture is 23°C. Calculate the final temperature when A and C are 


mixed, [LIT] 
Solution : Let m be the mass of each liquid A, B and C. Their specific heats are respectively 5j, 55 
and 83. 
When A and B are mixed, A receives the heat rejected by B. 
ms (16-12) = ms(19-19 9 3 d assesses à) 
s ^ 4 
Similarly when B and C are mixed 
ptc] £ 
mS, (23-19) = ms, (28-23) RNT bends cnt dits od Gi) 
Now, let 0°C be the final temperature when A and C are mixed 
28-0 5) s" 
ms, (8-12) = ms,(28-0) => DR js STI oor os (iii) 
E E aes hy CTS] ; 
00e 5:507 a A A N (iv) 
A 28-0 _ 15 o 
Hence from (iii) and (iv), P2 = 16 ^. .0,2 20-25°C 


The required final temperature = 2025*C. 
Ex 5.10: A lead bullet having temperature 27°C is moving with a velocity of 700 ms"! and hits 
a steel plate. After impact the bullet just melts. If the heat is received by bullet and by the plate, 
calculate percentage of heat received by the steel plate. Specific heat of lead 0-03, its melting point 
327°C and latent heat of melting =54 cal g^. [ J. E. E. '84] 
Solution : Let the mass of the bullet be m gm. 
heat received by bullet is Q = ms (0, - 0,) + mL 
Q= mx0:03x(327-27)*5:4m = 14-4 m cal 


1 = 
Kinetic energy of the bullet, E = inj -mxlo ? x (700)? = 245 m Joule 
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24 
Heat produced from its kinetic energy, Q; ER. 58-3 m cal 
Heat received by the steel plate, Q, =Q; - Q 
Q, =58-3m-14-4m = 43-9 m cal 


Percentage of heat received by the plate is. = he x100 = 75-3% 


58-3m 
Ex. 5.11 : If the temperature of an aluminium plate is raised by 1°C, calculate the increase of 
kinetic energy of each molecule of aluminium. Given, 27 gm of aluminium possesses 651023 
atoms and specific heat of aluminium = 0-2 cgs. [ J. E. E. ] 
Solution : Heat required to raise the temperature of 1 gm aluminium is 
Q=1x0-2x1=0-2 cal 2 0-84 J. 


23 
No. of atom present in 1gm of aluminium = uA 2222x102 
0-84 -23 
2———573478x10^ J 
Increase of energy of one atom 2.22x102 


Ex. 5.12 : A steel ball of mass 10 gm and having specific heat 0:1 cgs is heated in a furnace and 
quickly transferred to a thick copper vessel of mass 200g and of specific heat 0-09 cgs (temperature 
50°C). The vessel is dropped into a calorimeter of water equivalent 20 gm containing water of mass 
180 gm at initial temperature 20°C. The thermometer dipped into the water of the calorimeter 
shows maximum temperature of 26°C. Calculate the temperature of the furnace. Show whether 
there will be any local boiling. [ J. E. E.] 

Solution : Let the temperature of the furnace — 0*C 

Heat given out by steel ball and copper vessel. 
` = 10x 0:1 x (0 — 26) + 200 x 0:09 (50 — 26) = (406 + 0) cal. 
Heat received by calorimeter and water = (20--180) (26— 20) = 1200 cal 
40640-1200 .. @=794°C 
Temperature of the furnace = 794°C 
Let final temperature be ¢°C when steel ball is put into the copper vessel. 
Heat rejected by steel ball —10x0-1(794— t) = (794 — 1) cal 

‘and heat received by copper vessel = 200 x 0-9 x (—50) = (181 — 900) cal 

794-t=18t-900  .. :289316C 

Now, this temperature is less than boiling point of water. So, when the copper vessel is dropped into 
the calorimeter there will be no local boiling. 


Ex. 5.13 : A kerosene lamp can emit as much light as a 15 watt lamp. Assuming that only 60% 
f the heat is converted into light how much kerosene is burnt in 5 hours ? (1g of kerosene produces 
15000 J of heat) [ J. E. E. 1992 ] 
Solution : Let the required amount of kerosene is m gm 
3 Heat produced in 5 hrs = 45000 m Joule. 
Amount of light energy that can be obtained. = 45000m x 0-6 = 27000 J 


Rate of emission of light energy by the kerosene lamp = m watt. 


3 3 
By question, a 15 or, m = 10g -. 10 g kerosene will burn in 5 hrs. 
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Ex. 5.14 : 0:3 kg oil is kept in a vacuum flask. Its temperature rises at the rate of 1°C per min 
when it is heated by an immersion heater which supplies energy at the rate of 12:3 watts. When 0:4 
kg oil is kept in the same flask, its temperature rises at the rate of 1-2?C when the heater power is 
19-2 watts. Calculate (i) specific heat of oil and (ii) thermal capacity of the flask. [ J. E. E.] 

Solution : Let S be the specific heat of the oil and Q be the thermal capacity of the flask. Heat 
produced in 1 min by the heater in the first case 

H, = 13x89 17571 cal. 
and heat produced by the heater in 1 min in the second case, 
_ 19:2x 60 
i An 


H, =274-28 cal. 


Heat absorbed by flask and the oil in the first case = 300 x S x 1+ Q x 1 = (300S + Q) cal 
and heat absorbed by the flask and the oil in the second case is ‘ 
=(400S x 1:-2+Qx1-2) cal = (480S + 1-2 Q) cal 
300S F Qs L7SG7 ewan 05149 (i) 
and | 480-1-2Q = 274.28... eee (ii) 
Solving (i) and (ii), S=0-529, Q= 17 cal Aes 


Ex, 5.15 : Water flows at the rate of 0-1500 kg / min through a tube and is heated by a heater 
dissipating 25-2 W. The inflow and outflow temperature are 15-2°C and 17:4*C respectively. When 
the rate of flow is increased to 0-2318 kg/min and the rate of heating to 37:8 W, the inflow and 
outflow tamperature remain unchanged. Find (i) the specific heat capacity of water and (ii) the rate 
of loss of heat from the tube. [ J. E. E. 1989 ] 


A : 150 
Solution : Rate of flow of water in the first case — "ep =2-5g/sec 


and rate of supply of heat = 25:2 Js~! =6 cal/sec. If h be the rate of loss of heat from the tube 


2:5s (17:4 = 15:2) h= Opis <b tol ce rre era qute stators erat a (i) 
In the second case rate of water flow = E = 3-86 g/sec. 
3.86s(17:4-152) 4h29 [ 378 W=9cal/sec] ...... e (ii) 


From these two equations 
szlcalg-!?C-! and h=0-5cal/sec 
Ex. 5.16 : Three liquids m, 7m», m; are mei together. Theiř specific heats are 5j, 5) and s3 
and temperatures are /,?C, t)°C and 13°C respectively. Calculate the temperature of the mixture. 
Solution : Let t°C be the temperature of the mixture. Assume that all the liquids are rejecting heat. 
Heat rejected by first liquid, Qj = is) (tj =+) 
Heat rejected by second liquid, Q — ns; (t; =t) 
Heat rejected by third liquid, Q4 2 m3s3(t3 f) 
Since no heat is supplied , Qj - Q; * Q 7 0. 
ms, (t -t) + mjs(t —t) + m353(t, -t) = 0 
Psi tH MSoty mts 
mS, t m5, mas, 
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Ex. 5.17 : A copper boiler of mass 200 kg contains 100 kg of water at 25°C. By burning coal 
heat at the rate of 7 x 105 cal/kg is obtained. If 5% of that heat is utilised to heat the water, calculate 
how much coal should be burnt to raise the temperature of water to 100°C. Sp. heat of copper 
= 0-09 cgs. : ‘ 

Solution : Assume that m kg of coal has to be burnt to raise the water temperature from 25°C to 
100°C, 

Heat produced = 7 x 10? m cal. 
Heat absorbed by boiler and water = 7 x 10° m x 0:05 = 0:35 x 10° m cal. 
035 x 105 m = 2 x 105 x 0:09 x 75 + 10° x 1 x 75 = 1:18 x 75 x 105. 
m= 252.86 kg 
Ex. 5.18: Two taps are supplying boiling water and water at 20*C. What amouns of water from 
the two taps be mixed so that 40 litre of water at 35°C be obtained. 
Solution : Let x litre of boiling water be mixed with (40— x) litres of water at-20°C be mixed to get 
water at 35°C. 
Now, heat lost by x litre of hot water, Q} = 1000x (100-35) = 65x 103x cal 
and heat received by (40— x) litres of water is 
Q; =(40—x) x10 x (35-20) =(40—x) x 15x10? cal. 


(40-x)x15x10? 265x10?x == x-7.5litre 
7:5 litre of hot water be mixed with 32:5 litre of water at 20°C. 


e SHORT ANSWER TYPE QUESTIONS (With Answers) € 


Q. 1. Mention C. G. S. and S. I. units of specific heats. Give the relation between them. 


Ans. Vide art. 5.2 
Q. 2. 11b iron at 100°C can melt more ice than 1 Ib lead. Why ?  [J. E. E.'89; H. S'98] 
Ans. Specific heat of iron is greater than that of lead. Since H = ms®, when equal masses of iron and 
lead are cooled from 100°C to 0°C, iron will give out more heat. For this reason 1 Ib iron can melt move 
ice than 1 Ib lead. 
Q. 3. What is water not used as calorimetric substance ? 
Ans. Water is not used as a calorimetric substance due to following reasons : 
(i) Specific heat of water is higher.than any other liquids. For the same heat rise of temperature will be 
minimum. There may be larger error during measurements. 
(ii) Water is volatile liquid and its boiling point is 100°C. So when a hot body at higher temperature is 
dropped into water, some water may vaporise. 
Q. 4. What are the advantages of taking water in a hot bag. [ H. S. '82] 
Ans. Specific heat of water is greater than any other liquids. So water takes more heat for a given 
temperature rise. Hence among different liquids at same temperature heat stored in water is maximum. 
Also because of its high specific heat, rate of loss of heat in the case of water is slow than any other 
liquids. So water remains hot for longer time and loses heat at a slower rate. So hot bag containing water 
remains hot for larger time. For these reasons water can be used conveniently, in a hot bag. 
Q. 5. When a hotter body hots a colder body, will the change of temperature be same for both 
the bodies ? [ J. E. E. 1988 ] 


Ans. Change of temperature will not be same for both the bodies. 
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Reason : Heat given out by the hotter body is equal to heat received by the colder body. But rise of 
temperature by a given quantity heat depends on mass and specific heat of the body. Temperature change 
will be smaller for a body having higher mass and specific heat, although change of heat will be same for 
both the bodies. 

Q. 6. Will the relation heat lost = heat gained hold if (i) the calorimeter contains water and sugar 
(ii) the solid and the liquid in the calorimeter reacts chemically (iii) the calorimeter is kept on table 
and is exposed to the air ? s [ J. E. E. 2002] 

Ans. The given relation heat lost = heat gained, will not hold in case (1) because heat is absorbed when 
sugar dissolves in water contained in calorimeter. 

The relation does not hold in case (ii) when the solid and the liquid in the calorimeter react chemically, 
because heat is absorbed or evolved during chemical reaction, 

The relation does not hold in (iii) also when the calorimeter kept on a table is exposed to air because 
of heat loss due to radiation and convection. 


A. Short answer type questions : 


1. Define thermal capacity of a body. What is its unit ? What do you mean by latent heat of fusion of ice is 


80 cal g^! [H. S. 2002] 
2. What is calorie ? What is meant by ‘specific heat of copper is 0.092 7° [H. S. 2001] 
3. What is meant by thermal capacity and water equivalent of a body ? What is meant by specific heat of iron is 
0.106 ? [H. S. 2000] 
4. Discuss the basic principle of the measurement of heat in calorimetry, [H. S. 2000] 
5. What is the difference between specific heat and specific gravity ? [ J. E. E. '89] 


6. Why is calorimeter is usually made of copper ? 
7. When a hotter body heats a colder body, will the rate change of temperature be same for both the bodies ? 


[ J. E. E. '88] 

8. One kg iron at 100°C can melt more ice than 1 kg lead also at 100°C. Explain. [ J. E. E. '89] 
9, What is the C. G. S. and SI unit of specific heat ? Obtain the relation between them. 

[H. S, 1997] 


10. Does the value of sp. heat depends on unit of mass and temperature ? 
11. Two bodies of equal mass but made of different material are given equal amount of heat, will they have same 


temperature rise ? 
12. You are given a thermometer which can measure temperature from 60°C to 150°C. How can you measure the 


temperature of some quantity water whose temperature is less than 50°C by this thermometer ? Explain. 
13. Thermal capacity of body per unit mass is called its specific heat. Explain, [H. S. 1994 | 
14, The specific heat of copper is 0-09 C. G. S. Calculate its value in SI system. 
15. The temperature of two liquids are 80*C and 20°C respectively. They are mixed in the ratio 8 : 5, The final 


temperature is 60°C. Calculate the ratio of specific heats, {Ans. 3 : 4] 
B. Essay type questions : 
1.(a) Define : (i) Therm, (ii) Caloric (iii) 15°C calorie 
(b) Obtain the expression for the heat received by a body for a rise of temperature. 
2.(a) Distinguish between thermal capacity and water equivalent of a substance. 
(b) State and explain the fundamental principle of calorimetry. 
3.(a) Define specific heat, thermal capacity and water equivalent of a body. What is the relation between them ? 
(b) How can you determine the temperature of a furnace by applying the principle of calorimetry, 
4. Discuss the consequences of high specific heat of water. 
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. Simple numerical problems : 
. The specific heat of the material of a body is 2500 J Kg"! K-! and its mass is 0-25 kg. Calculate thermal 


capacity and water equivalent of the body. [ Ans. 625 J K-!, 0.149 kg] 


. A calorimeter contains 200g of water at 10°C. 50g of water at 100°C is added and temperature of the mixture 


becomes 27°C. Now a metallic ball of mass 100g at a temperature of 10°C is dropped into the mixture. If the 
final temperature of the mixture be 26°C, calculate the specific heat of the metal.[Ans. 0-16] — [H. S. 2003 ] 


. A calorimeter of mass 50g contains 300g water at 28°C. A body of mass 100g heated to 122°C is dropped into 


the calorimeter. If the final common temperature be 30°C, calculate the specific heat of the material of the body. 
Given, sp. heat of copper = 0-09 cgs. [Ans :0-066 cal g! ^C-!] — [H. S.] 


.. The mass of a piece of aluminium is 20g and its specific heat 0-21 cal g! *C-!. What are thermal capacity and 


water equivalent of the metal piece ? How much heat is required to raise its temperature from 10°C to 35°C. 
[Ans. 4:2 cal °C“! ; 4:2 g ; 105 cal ] 


. A liquid having specific heat 0-54 cal g ! °C"! at temperature 58°C is mixed with another liquid of sp. heat 0:36 


cal g-!?C-! at temperature 22°C. If the final temperature of the mixture be 34°C, calculate the ratio of mass of 
the two liquids. [ Ans. 3 : 1] 


. The ratio of the densities of two substances is 3 : 4 and their specific heats are 0-13 and 0-09 cgs. Compare their 


10. 


1. 


12 


13. 


14. 


15. 


16. 


thermal capacities per unit volume. [Ans : 13: 12] 


. A metal alloy contains 60% copper and 40% nickel. A piece of the alloy of mass 50g is heated to 50*C and 


dropped into a calorimeter of water equivalent 10g containing 140g water a 20°C, What will be the final 
temperature ? Sp. heat of copper =0-09 cgs. and that of nickel = 0-11 cgs. — [ Ans. 20:95°C]  [H.S. '85] 


. A,B and C are three liquids of equal mass. Their initial temperature are 14°C, 24°C and 40°C. When A and B 


are mixed, the temperature of the mixture is 20°C when B and C are mixed the temperature of the mixture is 
34°C. What will be the temperature of the mixture when A, B and C are mixed together ? 
[ Ans, 30°C]  [H. S. 90] 


. Equal volumes of terpentire oil and water require 4 min and 10 min respectively to cool from 60°C to 40°C, If 


loss of heat from them be equal, calculate specific heat of terpetine oil. Given specific gravity of the oil = 0:88 
) [Ans. 0:45 cal g~! *C-!] 
A piece of platinum of mass 200g is heated in a furnace and quickly transferred to a vessel of water equivalent 
50g containing 650g water at 10°C. If the final temperature of the mixture be 25*C, calculate the temperature of 
the furnace. Given, specific heat of platinum = 0:30 cal g~! *C-! [ Ans. 1775°C] [H. S. 86] 
The specific heat of one liquid is 0-8 and that of another liquid is 0-5 cgs. If the thermal capacity of 3 litres of 
the first liquid be equal to the thermal capacity of 2 litre of the second liquid, compare the specific gravities of 
the two liquids. [Ans. 5 : 12] 
A metal alloy contains 60% copper and 40% nickel. A piece of the alloy of mass 50g is heated to 80*C and 
quickly transferred to a calorimeter of water equivalent 10g. The calorimeter contains 90 gm water at 10°C. 
What is the final temperature of the mixture ? sp. heat of copper is 0-09 cgs. and of nickel =0-11 cgs. 
; [Ans. 13-27°C] 
A calorimeter of water equivalent 60g contains 600g water at 30°C. If the calorimeter is supplied heat at the rate 
of 100 cal /sec, after what time the temperature of water will rise to its boiling point ? [Ans. 7 min. 42 sec.] 
Three liquids of equal mass A, B and C are at temperatures 14°C, 24°C and 40°C respectively. When A and B 
are mixed, the temperature of the mixture is 20°C ; when B and C are mixed the temperature of the mixture is 
34°C. What will be the temperature of the mixture when A and C are mixed. [Ans. 32:59°C] 
A metal alloy contains 80% copper and 20% silver. 50g of this alloy is heated to 80°C and quickly transferred 
to a calorimeter of water equivalent 10g containing 90g water at 20°C. Calculate final temperature of the 
mixture. Sp. heat of copper = 0-09 C. G. S. and that of silver = 0-05 cgs. [Ans. 22-36°C]  [H. S. ’92] 
Three liquids of equal mass A, B and C are at temperatures 12°C, 19°C and 28°C. When A and B are mixed the 
temperature of the mixture is 16°C ; when B and C are mixed the temperature of the mixture is 23°C. what will 
be the temperature of the mixture when A and C are mixed. [Ans. 20-26°C] 


17. 


18. 


19. 
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A kerosene stove produces heat at the rate of 10* cal/min. When a kettle of water equivalent 200g containing | 
litre of water is placed on the stove, the temperature of water rises from 20°C to 95°C in 15 min, Calculate the 
percentage of heat absorbed by kettle. {Ans, 60%] 
An aluminium vessel of mass 50g contains 100g water. The vessel is supplied heat at the rate of 50 cal/sec. 
Calculate final temperature after 2 min. Given, specific heat of aluminium = 0:2 cgs. [Ans. 79.5*C] 
The mass of a copper steam boiler is 200-kg. It contains 100 kg water at 25°C. 7x10 calories of heat 
is produced by burning | kg coal. If only 3% of the heat produced is absorbed by the boiler to heat water, 
how much coal is to be burnt to raise the water in the boiler to its boiling point ? Sp heat of copper 
= 0-09 cal g! °C“! ; [Ans. 42-14 kg] 
60g water at 40°C is contained in a calorimeter of water equivalent 15 gm. Due to radiation loss, the temperature 
ofthe water drops to 30°C in 5 min. If 50g oil at the same temperature is taken in the calorimeter, it takes 2 
min to decrease the temperature to 30°C. If the rate of loss of heat be same in both the cases, calculate specific 
heat of the liquid. [Ans. 0:3 cgs.] 


. A liquid of sp. heat 0-6 cgs. at temperature 50°C is mixed with another liquid of sp. heat 0-4 cgs. at 10*C. If the 


final temperature of the mixture be 20*C, calculate the ratio of masses of the two liquids. [Ans. 2 : 9] 
A body of mass 2g is heated in a furnace is dropped into water of mass 50g at 20"C. If the final temperature be 
40°C, calculate the temperature of the furnace. Assume sp. heat of the body = 0:2 cgs. [Ans. 3296*C] 
A vessel contains 200kg water at 60°C. Water is supplied to the vessel from two taps. Temperature of water 
from the first tap is 80°C and that of water from the second tap is 20°C, Both the taps supply water at the rate 
of 5 kg/min. After what time, the temperature of water in the vessel is 55°C ? [Ans. 20 min] 


. One tap can supply boiling water and other tap can supply water at 10°C. Calculate volumes of water to be 


mixed from the two taps so that the temperature of 50 litres of mixed water be 35*C. 
[Ans. boiling water 16-67 litre and 33-13 litre of water at 10°C] 


Harder numerical problems : 


. The mass of a thermometer is 55g and specific heat 0-2 cgs. Its initial temperature 15°C. The thermometer is 


dipped into a calorimeter of water equivalent 50g containing 250g water. If the thermometer reads 44-4°C, what 
was the temperature of the water before the thermometer was dipped ? (Ans. 45-48"C (Approx)] [J. E. E.] 


. If the temperature of a piece of aluminium is increased by 1°C what is the increase of energy of each molecule 


of aluminium. Given, 27g aluminium contains 6 x 10? number of atoms and specific heat of aluminium = 0-2. 

[Ans. 3:78 x 1076 ergs.] 
The mass of a copper calorimeter with its heater made of copper wire weighs 300g. The calorimeer is full of a 
liquid of mass 200g upto a certain mark. If 41W is supplied by the heater the temperature rises from 20°C to 
45°C in 10 min, Now 140g of liquid is removed from the calorimeter and copper pieces of mass 1250g is added 
to the calorimeter so that level of liquid in the vessel remain unchanged, If the heater supplies energy at the 
same rate, it takes 9 min 5 sec to raise the temperature from 20°C to 45°C. It is found that to keep the temperature 
fixed at 45°C 2 watts of electric power is required, It the temperature of the surrounding be kept at 20°C, 
calculate the specific heats of copper and liquid. (Ans, 0:0952 ; 1.00] [J. E. E.] 


. A steel ball of mass 10g and specific heat 0-1 cgs. is heated in a furnace and dropped into a copper vessel of 


mass 200g and specific heat 0:09 cgs. Its initial temperature is 50°C. Now, the whole vessel is dropped into a 
calorimeter of water equivalent 20g and containing water 180g at 20°C. If the final temperature of the water in 
the calorimeter be 20°C, calculate the temperature of the furnace. Show by calculation whether there will be 


any local boiling. [ Ans, 89:16°C ; No]. [J. E. E.] 


. A flask contains paraffin oil of mass 0-3 kg. When an immersion heater supplies 12-3 watt water to the paraffin 


its temperature rises by 1°C in one min. If now 0-4 kg of oil is kept in the same flask and power of 19-2 watts 
is supplied to it temperature rises at the rate of 1-2°C per min. Calculate specific heat of oil and thermal capacity 
of the flask. [Ans. 0.529 ; 17 cal] [J. E. E.] 
Two calorimeters each of water equivalent 25 gm and 60 gm respectively are at 0*C, Some quantity of water at 
50°C is poured into the first calorimeter. When this water and first calorimeter comes the thermal equilibrium, 
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the water is poured into the second calorimeter. The final temperature of the water is found to be 25°C. Calculate 
the mass of water. [Ans. 100g] 


. 210g of water at 80°C is taken in a calorimeter of water equivalent 90g. Its temperature drops to 60°C in 10 


minutes. Again if a liquid (instead of water) of mass 100g at 80°C is taken in the calorimeter it takes 5 min to 
decrease its temperature to 60°C. If rate of heat loss be same for both cases, calculate specific heat of the liquid. 
[Ans. 0-6] 


. Water and equal volume of alcohol are taken in two identical calorimeteres. It is found that one calorimeter 


takes 100 sec. and other calorimeter 74 sec. to decrease the temperature from 50°C to 40°C. Water equivalent of 
each calorimeter is numerically equal to volume of liquid it contains. Calculate specific heat of the calorimeter. 
Given, specific gravity of alcohol 0-8 cgs. ; [ Ans, 0-6] 


. P, Q and R are three liquids. 4g of liquid P at 60°C is mixed wih 1 gm of liquid R at 50°C when the final 


10. 


11 


temperature of the mixture becomes 55°C. 1g of liquid P is mixed with 1 gm of liquid Q at 50° and final 
temperature of the mixture is 55°C. If 1g of liquid Q at 60°C is mixed with 1g of liquid R at 50°C what will be 
the final temperature ? [ Ans. 52*C] 
An electric kettle of water equivalent 100 gm contains 890 g liquid at 20°C. When current is passed though the 
coil the temperature of water reaches to 100°C after 3 min 45 sec. Calculate the rate of heat produced by the 
electric kettle. Assume 20% of the heat is lost. [Ans : 440 cal/s] 
To measure the temperature of a furnace a platinum block of mass 80g is kept inside the furnace. When the 
block is in thermal equilibrium with the furnace, it is quickly dropped into a calorimeter of water equivalent 
400. If the Sp heat of the platinum is 0-0365, calculate the temp. of the furnace. [Ans. 704-9°C] 


CHANGE OF STATE 


TOPICS : Latent heat ; Melting and solidification ; Latent heats of fusion and 
solidification ; Determination of latent heat of fusion of ice by the method of mixture ; Change 
in volume during melting and freezing ; Effect of pressure on melting point ; Regelation ; 
Laws of Fusiori ; Vaporisation and condensation ; Evaporation ; Boiling of liquid ; Difference 
between evaporation and boiling ; Latent heat of vaporisation ; Effect of pressure on boiling 
point ; Factors influencing boiling point of a liquid ; Determination of height from the idea of 
boiling point ; Similarities between fusion and boiling ; Examples. 


6.1. Introduction : 

In general a substance can exist in any of the three states—solid, liquid and gas. When heat is supplied 
to it, its temperature rises. However, it not always 
true, Sometimes, heat supplied to a substance brings 
about a change in the state of the substance insteed fusion —vaporisation 
of producing a rise in its temperature. When a i) 
Bs E changes from Bee ees i another dd Condensation Solidification 
from solid to liquid or from liquid to gas. it is called 
a change of state. Conversion of a solid to its liquid Gas 
state is called melting or fusion and conversion of a (ii) 
liquid to its vapour state is called vaporisation [Fig sabia 
6.1 (i)]. There are some substances (e.g. camphor, [soia HL as ] 
iodine etc) which directly goes from solid to gaseous (ii) Gas 
state without being liquified. It is called sublimation Fig. 6-1 
[ Fig 6.1 (iii)] 

On the other hand, when heat is extracted from a substance, its temperature falls and change of state 
from gas to liquid (condensation) and from liquid to solid (solidification) takes place [Fig 6-1 (ii)] 


6.2. Latent heat : 

When heat is given to a substance, it becomes hot and its temperature rises. On the other hand, when 
heat is removed from a substance, its becomes cold and its temperature falls. This change in temperature 
can be measured by a thermometer and is called sensible heat. 

But during change of state, the heat supplied does not raise he temperature of the body. Evidently the 
heat supplied is spent to bring about change of state only. Heat supplied to the substance during change 
of state has no external manifestation and can not be measured by a thermometer. This heat is known as 
latent heat. 

Example : Assume a lump of ice is at —5?C. If we heat it, its temperature gradually rises upto 0°C. 
Then ice begins to melt. Now, temperature remains constant at 0°C, although heat is supplied to the lump. 
This continues until the whole mass of ice melts completely. After that, temperature rises gradually if the 
heating is continued. The heat supplied during melting is called latent heat of fusion. 

When water begins to boil at 100°C, although heat is supplied to water its temperature does not rise 
further until whole mass of water is converted to steam. This latent heat supplied during change of state 
from liquid to its vapour is called latent heat of vaporisation. 

Also heat extracted from vapour during its conversion to liquid is called latent heat of condensation 
and the heat given out by the liquid during its conversion to solid is called latent heat of solidification. 
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Definition : The latent heat of a substance is defined as the quantity of heat required to convert 
unit mass of the substance completely from one state to another at constant temperature. 

A substance changes from its solid to liquid state at its melting point and it changes to liquid to vapour 
'state at its boiling point. 


€ Explanation for latent heat : A solid has a fixed volume and a definite shape. The molecules in 
a solid are arranged in a definite order in crystal lattice. Each molecule occupy definite position with 
respect to other neighbouring molecules. Intermolecular distance is also minimum in solids. But a liquid 
has no definite shape and molecules are not orderly arranged in liquids. Hence. during melting i.e. during 
conversion of solid to its liquid form the molecular arrangement in the crystal breaks and intermolecular 
separation increases. The necessary energy comes from latent heat supplied during melting. For this reason 
latent heat does not raise the temperature of the solid. 

Again in the case of a gas the intermolecular separation comparatively large and so force of attraction 
between molecules is very weak. Hence during change of state from liquid to gas heat supplied is utilised 
to perform work against intermolecular force. As a result temperature does not rise during change of state 
from liquid to vapour. 


6.3 Melting and solidification : 


€ (i) Melting : If a solid is supplied heat at constant rate, its temperature gradually increases. At a 
fixed pressure, the solid begins to melt at a definite temperature. As soon as the process of melting starts, 
no further change of temperature is observed. This state of affair continues till whole of the solid melts. 
This particular temperature is called melting point of the substance. During the process of melting the 
solid remains mixed with its liquid form. As soon as melting is completed, due to the supplied heat, the 
temperature of the liquid begins to rise. 


The behaviour of a solid as it is given heat at constant rate is demonstrated by showing the variation 
of temperature of the Substance with time. It is known as time- 
temperature graph. [Fig 6.2] 

(i) Initial temperature of the solid is 05. AB part shows the 
increase in temperature of the solid when it is given heat at 
constant rate. : 

(ii) At B, melting starts and temperature remains constant. 
The process of melting is represented by the portion BC which 
is parallel to the time axis. The melting point of the solid is 0. 

Fig. 62 At C melting is completed. 

It must be mentioned that melting point of a solid depends on pressure. Melting point of a solid at 
normal pressure is called its normal melting point. In general, by melting point we mean normal melting 
point. > 

(iii) The portion CD represents the rise in temperature of the liquid due to further supply of heat. 

€ (ii) Solidification : Similarly, when heat is 
removed from a liquid its temperature first begins to 
fall. Then at a particular temperature, the liquid begins 
to solidify. Now the temperature of the substance remain 
constant until the conversion of liquid to solid is 
complete. Solidification starts at its melting point. 

During extraction of heat, the variation of temperature 
of the substance with time is shown in fig 6.3. 

(i) Initial temperature is 6). Due to extraction of heat ome 
when temperature of the liquid becomes 8, it begins to Fig. 63 
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condense into solid. The variation of temperature is shown by the part AB. B represents the beginning of 
condensation. Condensation continues upto C: At C, conversion of liquid to its solid form is completed. 
@ is called the freezing point of the substance. (ii) If the extraction of heat continues the temperature of 
the solid decreases along CD. 

€ Definition of melting point : The normal melting point of a solid is defined as the temperature at 
which it melts on heating under normal pressure. 

It is to be noted when we say melting point of a substance we mean its normal melting point. 

The process of melting or freezing is always accompanied by a change in the volume of the substance. 
The chance in volume during melting is equal and opposite to the change in volume during freezing. 

Definition of freezing point : The normal freezing point of a liquid is defined as the temperature at 
which it freezes due to removal of heat under normal atmosphere pressure. 

A discussion : Every pure solid has a definite melting point at a particular pressure. Similarly, a pure 
liquid has a definite freezing point at a particular pressure. Purely crystalline substance has a definite 
melting point and freezing point. In the case of amorphous or plastic substances, such as glass, wax, fat 
etc melting and freezing take place over a range of temperatures. For example, grease, butter, glass, wax 
etc has no sharp melting or freezing point. They pass into a viscous condition before melting. Butter 
melts somewhat between 28°C and 33°C and freezes at some temperature between 23°C and 20°C. 

€ Normal melting point of some common substances 9 


Substance melting point/ Substance melting point 
freezing point (^C) freezing point (^C) 
"mj 
Copper Mercury -39 
Iron Tin 232 
Aluminium Sodium 98 
Lead 327 Hydrogen -239 
Silver 962 Oxygen -219 
Gold 1064 Nitrogen -210 
| Platinum 1772 Tungsten 3300 


€ Melting point of metallic alloy : At constant pressure melting point of a pure solid is a constant. 
But when the substance is mixed with other material (or impurity), melting point of the mixture usually 
decreases. For this reason, the melting point of a metal alloy is less than the constituent metals forming 
the alloy. For example, the soldering material is an alloy of lead and tin. Its melting point is 180°C. But 
melting points of lead and tin are much higher (vide table given above) (ii) Rose's metal is an alloy of tin, 
lead and bismuth. Its melting points 94-5°C. But the melting point of all the constituents are above 200°C. 
Electrical fuses are usually made of alloys because of their law melting point. 

@ Freezing point of a solution and freezing mixture : A pure liquid (or solvent) has a fixed 
freezing point. But when a substance (solute) is dissolved in the liquid to form a solution it is found that 
freezing point of the solution is less than that of the pure liquid. For example, freezing point of pure water 
is 0°C, but the freezing point of the aqueous solution of common salt is less than 0°C. The freezing point 
of saline water depends on the concentration of the salt. Higher the concentration of the salt lower is the 
freezing point. For example, although the freezing point of pure water is 0°C, but the freezing point of sea 


water is -2?C. 
Phy (D—38 
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@ Freezing mixture : It is mixture of common salt and ice. It contains 3 parts of ice and 1 part of 
salt. Its temperature is about -22*C. The temperature of the mixture is -52?C obtained when 3 parts of 
calcium chloride is mixed with 2 parts of ice. 

€ Uses: Freezing mixture are used for various purposes. Perishable materials, covered by freezing 
mixture, retain their freshness for a long time. For this reason fish is preserved in freezing mixture. 
Freezing mixtures are also used to prepare ice cream and *Kulpe Baraf’. 

In cold countries the radiator tubes of automobiles burst due to condensation of water. To prevent it, 
glycol or glycerine is mixed with water which lowers the freezing point of water. Glycerine and glycol 
are antifridge. 

6.4. Latent heats of fusion and solidification : 

Definition : Latent heat of fusion of a substance is defined as the amount of heat required to convert 
unit mass of the substance from the solid to liquid state without change of temperature. 

The latent heat of solidification of a substance is defined as the amount of heat released when unit 
mass of the substance is converted from the liquid to the solid state without change of temperature, 

Let m be the mass of the substance and assume that it takes or rejects Q amount of heat to convert it 
from solid to liquid state or to convert it from liquid to solid state without change of temperature. Then 

Q=mL [L = latent heat of fusion or solidification ] 

It is to be noted that latent heats of fusion and solidification are equal for any substance. 

€ In C. G. S. system, unit of latent heat is cal g` and in SI system, the unit is J Kg. 

© Latent heat of fusion of ice in C. G. S. system is 80 cal g^! means that to convert 1g ice at 0°C to 
water at 0°C, 80 calorie of heat has to be supplied. 


Also, latent heat of fusion of ice in S.L, is 3:36 x 105 J Kg*! means that to convert 1kg ice at 273K to 
water 273K, 3:36 x 105 J of heat has to be supplied: 


6.5. Determination of latent heat of fusion of ice by the method of mixture. 
By the method of mixture latent heat of fusion of ice can be accurately determined. 


E M H 7 2 : 
Experiment : (i) A copper calorimeter with a stirrer are weighed empty. About 3 of the calorimeter 


is filled up with water and weighed again. The difference of these two gives the mass of water taken. The 
initial temperature of the calorimeter with water is noted by a thermometer. 

(ii) Some pieces of ice are carefully dried by blotting paper and then quickly dropped into the 
calorimeter. The mixture is continuously stirred and the final temperature is noted after all the ice has 
melted. 


(iii) After sometime the calorimeter again attains room temperature, the mass of the calorimeter with 
its contents is then determined. The increase in mass gives the mass of ice added to the calorimeter. 


€ Calculation : Let latent heat of fusion of ice = L cal/g; the mass of calorimeter with stirrer = M 
gm ; the mass of calorimeter + water = M, gm; the mass of calorimeter + water + water obtained by 
melting ice = M, gm. Initial temperature of calorimeter and water = 4°C 


Final temperature of calorimeter and total water = £?*C. 

Mass of water taken, m = (M; -M) 

Mass of water added, m, = (M, -Mj) 
Heat lost by calorimeter = W (4j —15) cal [ W = water equivalent of the calorimeter ] 
Heat lost by the water contained in it =m, (t — £7) cal. 

total heat loss =(W+m,) (t; — £5) cal. 
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Tce takes up this heat. Ice will first melt to water at 0°C and then its temperature will rise from 0°C to 
t,°C 
total heat gained by ice = m,L + mt; = m; (L + t5) cal. 
Hence from the principle of calorimetry we write m; (L, + fy) = (W + m,) (t — 15) 
Qrem)6-n) , 
m» 2 


6.6. Change in volume during melting and freezing. 

In general, when solids change into liquids, there is an expansion in volume Paraffin 
and when liquids solidify, there is a contraction in volume although temperature 
does not change during the process. Hence densities decreases on melting and 
increases on freezing. For example, when molten paraffin wax is allowed to 
solidify in a test tube, a deep cleft is produced due to contraction in volume. [fig 
6.4]. 

There is, however, some important exceptions to the general rule. It is found 
that ice, cast-iron, brass, bismuth, antimony and some other alloy contract on 
melting and expands on solidification. So, their densities decreases on 
solidification. 11 c.c. of water at 0°C solidify to form 12 c.c. of ice. So volume 
of ice increases by about 7% when it condenses. 

€ Advantages and disadvantages of expansion on freezing 

Advantages : (i) Ice floats in water. When water is cooled below 4°C, its volume increases. At 0°C 
water condenses to ice, So ice floats in water because of its lower density than water. This anomalous 
expansion of water helps to preserve marine life in cold countries. 

(ii) The expansion of volume when iron and brass changes from liquid to solid state has useful practical 
application. In the process of casting molten metal runs into a mould. The expansion of solidifying mass 
forces the metal into every corner of the mould and so casting of sharp edge is obtained. 

Disadvantages : In cold countries, when water solidifies into ice, the consequent expansion in volume 
causes much disadvantage. Frequently water pipes in cold countries are found to burst due to a large 
force produced by the expansion in volume when water in the pipe freezes into ice. 


wax solidify 
Fig. 64 


6.7. Effect of pressure on melting point : 

The melting point of a substance depends on pressure applied on it. The relation between pressure and 
the melting point are as follows : 

(i) The substances which contracts on melting have their melting point lowered due to increase of 
pressure. As ice contracts on melting, its melting point decreases by about 0:0073*C for 1 atmosphere 
increase in pressure. The reason is : the increased pressure helps contraction in volume and hence the 
melting point is lowered. Similar behaviour is obseved in the case of brass, cast iron, bismuth and antimony 
etc. 

(ii) The substances which expands in volume on melting, have their melting point raised due to 
increase of pressure on them. For example, wax shows rise of melting point by about 0-04°C for 1 
atmosphere increase in pressure. Here the reason is : increased pressure opposes the expansion in volume. 
Hence melting point rises. 

6.8. Regelation : 

When two pieces of ice at 0°C are pressed together, they form a single lump of ice. How does it 


happen ? 
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When the two pieces of ice are pressed together, the applied pressure causes a lowering of melting 
point of ice at the surface of contact. Consequently, the ice at the junction melts into water. When the 
pressure is released, the melting point again rises to 0°C and the water immediately freezes joining the 

' two pieces together. 


Definition : The process of melting of ice by the application of pressure and resolidification of 
molten ice by the withdrawal pressure is called regelation. 


© Bottomley’s Experiment : Bottomley's experiment demonstrates the phenomenon of regelation 
in a striking manner. 

A large block of ice is placed on two supports and a thin copper wire with a heavy weight is hung 

A over it. [Fig 6.5]. The wire is found to cut right through the block, but the 
block remains intact. 
, € Explanation : Due to the heavy weight, the copper wire exerts high 
pressure on the ice. This pressure lowers the melting point of the ice in 
contact with it and so the ice melts and flows up above the wire. The 
latent heat required for melting comes from the wire and the surrounding 
air. As the water flows over the wire, the pressure is released and therefore, 
freezes. The latent heat released in the process is conducted down through 
the wire to provide heat for further melting of ice below. This process 

Fig. 65 goes on and the wire cuts through the block without dividing it. 

9 Few points on the experiment : (i) 'The surrounding temperature should be greater than 0°C. 
Otherwise the necessary latent heat required for the melting of ice at the beginning can not be absorbed 
from the surrounding. 

(ii) The wire must be good conductor of heat : This is essential because the latent heat released by 
the freezing water above the wire is conducted by the wire to provide heat for the melting of ice below it. 
So, a cotton string of low conductivity is not suitable. 

(iii) the wire must be thin. 


6.9. Laws of Fusion : 


The various facts that have been obtained in connection with fusion may be summarised in the following 
laws. They are known as laws of fusion : 

(1) At a fixed pressure every solid starts melting at a definite temperature, called the melting point. 
This temperature remains constant throughout the process of melting, although heat is supplied at constant 
rate. The melting point of a solid is same as the freezing point of its liquid. Different substances have 
different melting point. 

(2) Melting point of a substance depends on pressure to which it is subjected. The substances which 
contracts on melting have their melting point lowered due to increase of pressure. On the other hand, the 
subsances which expands on melting have their melting point elevated with increase of pressure. 

(3) During melting unit mass of a solid absorb fixed quantity of heat. It is called latent heat of fusion. 
Unit mass of the corresponding liquid gives out the same quantity of heat during solidification. The latent 
heat of fusion is different for different substances. 

(4) The melting point of an alloy is always lower than the melting points of the constituents metals. 

(5) The freezing point of a solution is always lower than that of the pure solvent. 


[ © NUMERICAL EXAMPLES © 


Example 6.1 : 2g steam at 100°C is passed through 60g water at 30°C, What will be the final 
temperature? Laent heat of steam = 540 cal/gm. 


Solution : Let the final temperature be t°C. 
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Heat given out by steam Q; = 2x 540 + 2 x (100-0) = (1280 24) cal 
Heat received by 60 g water Q, = 60 (1 30) = (60r — 1800) cal. 
Since Q; * Q;, 60r — 1800 = 1280 - 2 
* 6223080 ^ t249.67C 
^ — Final temperature = 49°67°C 
Ex. 6.2: 1 kg water at 60°C is divided into two parts such that heat given out by one part for its 
conversion to ice at 0°C is just sufficient to convert the other to steam at 100°C, Latent heat of ice 
and steam are respectively 80 cal/g and 540 cal/g. [ H. S. 2000 ] 
Solution : Let m gm of water condenses to ice at 0°C to release heat which is just sufficient to convert 
(1000 — m) gm to steam at 100°C, Heat released by m gm water at 60°C to be converted to ice at 0°C is 
Qy = mx (60°-0°) + 80m = 140m cal 
And heat required to convert (1000 — m) g water at 60°C to steam at 100°C is 
| Q3 = (1000 — m) (100 — 60) + (100 — m) x 540 = (580,000 — 580m) cal 
140m = 580000 — 580m => m= 805/55 gm 
l z. Required masses of water = 805:55 g, 194-45 g 
Ex. 6.3: A calorimeter of water equivalent 50g contains 100g water at 30°C. When ice of mass 
80 gm at temperature -15°C is mixed with water what will be the result ? Latent heat of fusion of 
ice is 80 cal/g and specific heat of ice = 0-5 cal g^! ec [ H. S. 1999] 
Solution : First we require to know whether all ice melts or not. Heat given out by calorimeter and 
water in it when the temperature falls from 30°C to 0°C, Q, & (50 100) x 30 = 4500 cal. 
Now, heat required by 80g water at -15?C to convert into water at 0°C, 
Qz 250x0-5x154-80 x 80 = 7000 cal. 
Since Q, >Q), it means that all ice will not melt in the mixture. Let m gm of ice melts. Quantity of 
heat required = 80x 0:5 x 154 80m = 600+80m 
600+80m=4500 +. m=48:75g 
Total mass of water in the mixture. = 100+48+75 = 148: 75g 
and mass of remaining ice = 80-48-75 = 31. 25gm 
Final temperature of the mixture = orc 
Ex. 6.4: A copper calorimeter of mass 300g contains 270g water at 30°C, 20g ice at temperature 
—10*C is dropped into the calorimeter, What will be the final temperature ? Given, sp. heat of 
copper = 0-1, sp. heat of ice = 0*5 and latent heat of ice = 80 cal/g. [ H. S. 1980 ] 
Solution : First we see whether all ice will melt or not. Heat given out by calorimeter and water in it 
to change its temperature from 30°C to 0°C,- Q, = (300x 0-14 270) x 30 = 9000 cal. 
Heat required to convert 20g ice at -10^C to water at ("C is Q, 220x 0-5x 104-20 x 80 = 1700 cal. 
Since Q) > Qz» all ice will melts and final temperature will be /°C (say) 
Now, the quanity of heat remaining after conversion of all ice to water at 0°C = 9000 — 1700 = 7300cal 
So the amount of water in the calorimeter = 2704 20 7 290g 
1f final temperature of water be PC then, 300x0:1x1429012 7300. ~. t= 22:81°C 
Final temperature of the mixture = 2281'C. 


eee 
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Ex. 6.5: When 1g ice at 0°C is converted to water 0°C, its volume contracts by 0-091 c.c. If a 
piece of metal of sp. heat and having temperature 60°C is dropped into ice calorimeter, the volume 
of the mixture decreases by 0:273 c. c. Calculate the mass of the metal. 

Solution : When 1g ice melts volume contraction = 0-091 c. c. 


mass of ice melted for 0-273 c. c. volume contraction is 


m- E =3gm Required heat = mL = 3x 80 = 240 cal. 


Now, heat given out by the metal = m x 0-1 x 60 = 6m cal. 
6m = 240 ^e m-40g >. mass of the metal = 40g. 

Ex. 6.6: What will happen when 70,000 calories of heat are extracted from 100g steam at 
100°C. Letent heat of fusion of ice = 80 cal/g and of steam = 540 cal/g. [J. E. E. '85] 
Solution : (i) Heat extracted when 100 g steam at 100°C is converted to 100g water at 100°C is 

Q, 2100x540 = 54,000 cal. 

Heat remains to be extracted = 70,000—54,000 = 16,000 cal. 

(ii) Heat extracted to convert water at 100°C to water at 0°C is Q,= 100x100 = 10,000 cal 
Rest amount of heat = 16,000- 10,000 = 6,000 cal 


A MI : i 6000 
(iii) Mass of ice formed due to extraction of the rest amount of heat ——g9 =75g. 
So, after extraction of all heat the composition of the mixture is : ice 75g and water 25g and temperature 


of the mixture = 0°C. 


Ex. 6/7 : A calorimeter contains a mixture of 250g water and 200g ice at 0°C. The water equivalent 
of the calorimeter is 50g. Now, 200g steam at 100°C is passed through the mixture. What is the final 
temperature and the composition of the mixture ? Latent heat of fusion of ice = 80 cal/g and that of 
steam = 540 cal/g [ J. E. E. 1996 ] 

Solution : First we have to see whether all steam will condense or not. Heat given out by 200 g steam 
at 100°C to convert into water at 100°C is Q, 2 200x 540 = 108,000 cal. 

Heat required by the calorimeter and its contents to raise its temperature to 100°C is 

Q = 50x100+250x 100+ 200 x 80+ 200 x 100 = 66,000 cal 


Since Q} > Q5, it means that all steam will not condense to water. 
66,000 
540 
mass of water in the mixture = 250+ 200+122:2 =572:2g 


mass of steam condensed = =122:2g 


and mass of steam remaining = 200-122-2= 71.8g 
final temperature of the mixture — 100° C 


Ex. 68: A lump of ice is given heat at constant rate. Ice starts melting after 2 sec and in the 
next 20 sec melting is complete. Calculate initial temperature of the mixture. Given, specific heat of 
ice — 0:5 cgs. and latent heat of ice — 80 cal/g. 

Solution : Let ice is supplied heat at the rate of Q cal/sec. If mass of ice be m gm and is initial 
temperature —0?C the 


mx05x[0-(-9]22Q or m824Q...c e (i) 
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All ice melts during the next 20 sec. 
80m = 20Q 1 4m =Q ....... (ii) 
From equation (i) and (ii), © = 16. i 
Initial temperature of ice = -16*C 
6.10. Vaporisation and condensation : 


The change from liquid to vapour (or gaseous) state is known as vaporisation. When a liquid vaporises, 
the volume of the substance invariably increases. 

The reverse process of vaporisation is called condensation or liquifaction. Condensation of vapour to 
liquid is accompanied by contraction in volume. The gaseous state of a liquid is called its vapour 

The latent heat required to convert a liquid to its vapour state without change of temperature is called 
its latent heat of vaporisation. It is measured by the amount of heat required by the unit mass of the 
liquid to be converted to its vapour state at constant temperature. 


© Different ways of vaporisation : There are three ways in which a liquid can pass into its vapour 
state, viz, (i) evaporation, (ii) boiling and (iii) sublimation. 

(i) Evaporation : It is a slow and gradual conversion of a liquid to its vapour state. This process of 
evaporation takes place at all temperatures and only from the surface of the liquid. Example : drying of 
wet clothes, drying up of pond in summer etc. 

(ii) Boiling : Boiling is a rapid process of evaporation of a liquid. It occurs at a particular temperature 
depending on superincumbent pressure. The whole mass of liquid takes part in the process of boiling. 
During the process of boiling the temperature of the liquid remains constant. 

(iii) Sublimation : It is a special type of vaporisation in which a solid directly passes ino its 
corresponding vapour without passing through the intermediate liquid state. Comphor, napthelene etc. 
are found to sublime even at ordinary temperature. 


6.11. Evaporation : 

We know that the process of slow vaporisation from the surface of a liquid is called evaporation and 
it takes place at all temperatures. When some amount of water is kept in a shallow dish and left in open 
space, it is found that amount of water gradually diminishes and ultimately the dish becomes completely 
dry. Water level in a pond gradually decreases. Wet clothes spread into air becomes dry after some time. 
All these happens due to evaporation of water from the exposed surface. 

Some liquids e.g. ether, chloroform, alcohol etc are found to evaporate rapidly. They are called volatile 
liquid. On the other hand, mercury, glycerine coconut oil etc. do not evaporate rapidly and are called 
non-volatile substance. 

Evaporation causes cooling : We know that evaporation occurs at all temperatures. For evaporation 
latent heat is necessary. If this heat is not supplied, it will come from the body of the liquid or from the 
surroundings, so that their temperature goes down. Evidently, evaporation causes cooling of the liquid or 
the surroundings. Examples :— 

(i) It a little methylated spirit or ether is taken on the hand it evaporates rapidly and the hands feel 
very cold. The reason is ; both the spirit and ether are volatile. For rapid evaporation they take the 
required latent heat from the hand which thus loses heat and cools. 

(ii) When a patient runs a high fever Eau-de-cologne bandage or simply water bandage is placed on 
the forehead Eau-de-cologne or water from bandage takes heat from the body for evaporation. As a result 
the temperature of the body comes down. 

(iii) In summer rooms are kept cold by hanging khus-khus sprinkled with water on windows and 
doors. Wind coming through the wet khus khus gets cooled due to evaporation of water. Hence room 


becomes cold. 
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(iv) During summer when body perspires, fanning gives a comfortable feeling. Fanning helps rapid 
evaporation of perspiration and the body becomes cold losing heat necessary for evaporation. 

(v) In summer days, drinking water is kept in an earthen ware pitcher because such pitcher keep the 
water cool. Reason.is : water always percolates through the pores of the pitcher and continuously evaporates 
taking latent heat from the pitcher which becomes cold. The water in the pitcher, also becomes cold. 

(vi) For rapid cooling we sometimes pour tea on plate from the cup. As a result area of exposed liquid 
surface increases. Rate of evaporation of water also increases. So, tea becomes cold by losing latent heat. 


€ Factors influencing evaporation : The following factors influences the rate of evaporation of 
liquid : 

(i) Nature of liquid : The rate of evaporation depends on the nature of the liquid itself. Evaporation 
will be quicker for volatile liquids. Ether, spirit, alcohol, petrol etc are volatile. So they evaporate quickly. 

(ii) Effect of temperature : The rate of evaporation of a liquid increases with the increase of temperature 
of the liquid. 

(iii) Effect of exposed surface area : If the area of the exposed surface of liquid is extended, the rate 
of evaporation will increase. For this reason, hot tea or milk poured on a flat dish, gets cold quicker due 
to rapid evaporation. 

(iv) Effect of wind flow : If wind flows over the liquid surface, the rate of evaporation increases. Air 
current removes the vapour coming out of the liquid. Dry air occupies the space above the liquid and so 
rate of evaporation increases. 

(v) Effect of dryness of air : If the moisture content of air is less i.e. if the air is dry, the rate of 
evaporation increases. So in humid air, water evaporates slowly. For this reason, cloths dry up more 
quickly in winter than in the rainy season. 


6.12. Boiling of liquid : 

When a liquid is gradually heated, its temperature rises steadily and rate of evaporation from the 
surface of the liquid increases continuously. Ultimately at a particular temperature, rapid evaporation 
starts throughout the whole volume of the liquid. Bubbles of vapour:from throughout the liquid rise to the 
surface producing a simmering sound. This phenomenon is called boiling of liquid. The temperature of 
the liquid at this stage is called its boiling point. The heat supplied now is spent as latent heat of vapariation. 
So the temperature of the liquid remain fixed at its boiling point. The temperature remains constant until 
all the liquid is converted into its vapour. 

So, boiling point is a temperature at which vaporisation occurs throughout the whole volume of the 
liquid and it depends on superincumbent pressure. The boiling point under normal pressure is called 
normal boiling point of the liquid. It is a fixed temperature for a pure liquid. For example, normal 
boiling point of pure water is 100°C. It meants that under normal atmospheric pressure water starts boiling 
at 100°C. By boiling point of a liquid we mean normal boiling point. 


6.13. Difference between evaporation and boiling : 
Vaporisation of a liquid takes place both by evaporation and boiling. There are some differences 
between these processes of vaporisaion. 


Evaporation 


Boiling 
1. Boiling is rapid vaporisation. If occurs with 
simmering sound. 
2. It occurs at a particular temperature at a fixed 
pressure. 
3. Vaporisation during boiling takes place through 
out the liquid. 


1, Evaporation is slow and silent process of 
vaporisation. 
2. It occurs at any temperature 


3. It occurs from the surface of the liquid. 
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Evaporation 


METIRI 


Boiling 


4. Rate of evaporation increases with tempera- 
ture. 

Required latent heat comes from the liquid 
itself. So the liquid gradually cools. 

During evaporation saturation vapour pressure 
of the liquid is less than the superincumbent 
pressure. 


5 


6. 


4. During boiling temperature of the liquid remains, 
constant. 

Required latent heat comes from the supplied 
heat. 

During boiling saturation vapour pressure of the} 


liquid is equel to the superincumbent pressure. 


S: 


6. 


€ Boiling points of some liquids 


Liquid Boiling point (^C) | Liquid Boiling point eo | 
Water 100 Mercury 357 
Alcohol 78:3 Chloroform 61 
Benzene 80 Ether 35 
Glycerine 290 Acetone 56 
liquid hydrogen -253 liquid oxygen -183 


6.14. Latent heat of vaporisation : 

Heat given to a liquid during its boiling does hot increase the temperature of the liquid. The supplied 
heat is spent as the energy needed to convert the liquid to its vapour state. This heat is called latent heat 
of vaporisation. 

Definition : The latent heat of vaporisation of a liquid is the quantity of heat required to convert 
unit mass of the liquid to the vapour state without change of temperature. 

Similarly, when a gaseous substance is gradually cooled, on reaching the boiling point of coresponding 
liquid, the gas begins to condense into its liquid form. This temperature remains constant until whose of 
the gaseous substance condenses. Heat rejected during the time of liquifaction is called latent heat of 
condensaton. 

Definition of Latent heat of condensation : 
quantity of heat given out by unit mass of the gas 
change of temperature. 

For a liquid these two latent heats are equal. If the latent heat of vaporisation or condensation be L 
then heat to be supplied or absorted to vaporise or condense m mass of the substance is Q = mL. 

In C. G. S. system latent heat of vaparisation of water is 537 cal g^! or latent heat of steam is 537 cal/ 
g. It means that 1g water at 100°C will be converted to 1g steam at 100°C at normal pressure if 537 
calories of heat is supplied to it. Again, to covert 1 gm steam at 100*C to water at 100°C, 537 calories of 
heat has to be extracted from steam. T 

In SI, latent heat of vaparosation of water is 226 x 106 J kg"! or latent heat of steam is 2-26 x 106 
J kg^!. It means to convert 1 kg water at 373k under normal atmospheric pressure to'lkg steam at 373K 
2:26 x 10°J of heat has to be supplied to water. 

Also, to convert 1 kg steam at 373 K to water at 
from steam. 

6.15. Effect of pressure on its boiling point : 


The boiling point of a liquid depends on the superincumbent pressure. It is found from experiment 
that a liquid boils only when the vapour pressure of the liquid is equal to superincumbent pressure. So, 


The latent heat of condensation is defined as the 
during its conversion to its liquid form without 


373 K, 2:26 x 10° Joule of heat has to be extracted 
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with increase of pressure on the liquid surface, its boiling point rises. On the other, if the applied pressure 
on the liquid surface is lowered, its boiling points decreases. 


Reason : volume of a substance increases when it vaporises. Increase of pressure tends to decrease 
the volume. So increase of superincumbent pressure oppose the process of boiling. So to boil the liquid 
at higher pressure more heat has to be supplied. Hence the boiling point of a liquid rises. On the other 
hand, decrease of pressure helps boiling and boiling point decreases. 


6.15.1. Lowering of boiling point due to reduction of pressure : Franklin's experiment : 


A round bottomed glass flask is half-filled with water and is then heated 
to boiling. When the water boils, the mouth of the flask is closed by a cork 
provided with a thermometer. The flask is removed from the flame and is 
kept inverted on a stand as. shown fig 6.6. The water in the flask will stop 
boiling. Now pour cold water on the flask. After sometime water will be 
found to be boiling again, although the thermometer shows a temperature 
much below 100°C. 


Explanation : The space above water in the flask is filled with water 
vapour and air has been expelled. When the flask is cooled, some of the 


the boiling point of the water inside the flask. The lowered boiling point 
being equal to the temperature of liquid, then the liquid starts boiling again. 

Example : At normal atmospheric pressure pure water boils at 100*C. It is found from the experiment 
that for a change of pressure 27 mm of mercury boiling point of water changes by 1°C. 


Fig. 66 . , 


So, by decreasing pressure water can be made to boil at any temperature. 


Application : Lowering of boiling point due to reduction of pressure is applied in many industries. 
For example : preparation of hydrogen peroxide, preparation of crystals of sugar from sugar solution. 


6.15.2. Elevation of boiling point of water due to increase of pressure : Pressure cooker 


The boiling point of a liquid rises with increase of pressure of it. If a liquid is heated in a closed 
vessel, the vapour remains confined in the vessel. As a result superincumbent pressure gradully increases. 
Thus the liquid boils at increasing higher temperature. So, the temperature of water can be increased 
above 100°C just by raising applied pressure on the surface of the liquid. 


Raising the boiling point of a liquid due to increase of pressure has many applications, In the 
manufacture of paper pulp from sawdust and coustic soda, in the preparation of art silk, in the extraction 
of gelatin from bones, this phenomenon is applied. 

At high pressure water boils at higher temperature. This fact is utilised in pressure cooker to cook 
food. In pressure cooker cooking-becomes easier and quicker. At the same time fuels are saved. 

Fig 6.7 shows a design of pressure cooker. It consists of a 
stout metallic container fitted with lid which is made completely 
air tight by a rubber pad. Steam is allowed to escape through a 
loaded pin valve which can be set to blow at various desired 
pressures. A safety valve is also attached to the lid. If the 
pressure inside the cooker exceeds the safe limit, the safety 
valve opens and releases the excess pressure. A handle of non- 
conducting material is also attached. 

Pressure inside the cooker is maintained at a desired high 
value which is usually two atmosphere. At this pressure, water 
boils at about 120°C. So cooking is done easily and quickly. Fig. 67 


Pin valve of different 
Q weight 

= Safety valve 
I< Handle 


SSS 


water vapour condenses. So, pressure on the liquid is reduced. This lowers ` 
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6.16. Factors influencing boiling point of a liquid : 

The following are the factors which influence the boiling point of a liquid : 

i) Nature of the liquid : The normal boiling point of a liquid depends upon the nature of the liquid. 
Evidently different liquids have different normal boiling point. 

(ii) Presence of impurities in the liquid : Presence of impurities in the liquid raises the boiling 
point. The boiling point of solution is greater than the boiling point of the pure solvent. For example, the 
boiling point of water is 100°C and it rises to 109°C when common salt dissolves in it. For this reason, to 
measure the boiling point of water, the thermometer bulb is never immersed in the liquid but is kept just 
above the boiling liquid. 

(iii) Pressure on the liquid : The boiling point of a liquid depends upon the superincumbent pressure. 
Increased pressure increases the boiling point of the liquid. It has been mentioned earlier that the boiling 
point of water increases by 1°C for increase of pressure of 27 mm Hg. 


6.17. Determination of height from the idea of boiling point : 
We know that atmospheric pressure changes with height from the earth’s surface. Hence we can 


determine the height of a mountain or difference of heights of two place by measureing the boiling points 
of water at two places. 

Let the height of a mountain be H i.e. AB = H. [Fig 6.8]. 
Boiling point of the liquid is determined by hypsometer at the 
points A and B. From the difference in boiling points at the two 
places we determine the difference of atmospheric pressure. 
Because we know that boiling point of water changes by 1°C if 
atmospheric pressure changes by 27 mm Hg. 

Let the difference of atmospheric pressure at the points A 
and B be h cm Hg. 

If H cm be height AB then pressure due to H cm air column 
= pressure due to h cm mercury column. 

Hpg=hx13-6xg [p= density of air ] 
13-6h 
p 

6.18. Similarities between fusion and boiling : 

"The similarities between fusion and boiling are : 

(1) In both the processes of fusion and boiling, change of state of matter takes place at constant 
temperature. The temperature at which fusion starts is called melting point and the temperature at which 
boiling starts is called boiling point. 

(2) In both the processes definite amount of heat is absorbed. 

(3) Change of volume occurs during change of state in both the cases. 

(4) Both the processes are affected by change of pressure because melting point and boiling point 
depends on pressure on the substance. 

(5) A solution has a lower freezing point and a high 
temperatures depend upon amount of solute dissolved into the solution. 

(6) If a pure liquid is slowly cooled without disturbing the liqui 
temperature goes below the freezing point. It is known is super cooling. 

Similarly, if a pure liquid is slowly heated without disturbing the liquid, it may not start boiling even 
if the temperature goes above the boiling point. This is called super heating. 


er boiling point than the pure solvent. Both the 


d it may not freeze even if the 
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| * MISCELLANEOUS EXAMPLES e 


Example 6.9 1 The weight of a calorimeter made of brass is 326:3g. When it is partly filled with 
water its weight becomes 757:5g. When 46:35g steam at 100°C is passed through water the 
temperature of water rises from 7-5°C to 65-2°C. If the specific heat be 0-09 C. G. S. Calculate letent 
heat of steam. 


Solution : mass of water in the calorimeter = 757-5 — 326-3 = 431-2 g 
heat absorbed by calorimeter and water is 
Q = (326:3 x 0:09 + 431-2) x (65:2 — 7:5) = 460:8 x 57-7 cal. 
Let latent heat of steam = L cal/g 
heat rejeced by steam, Q} = 46:35 x L + 46:35 x (100— 65-2) 
= (46:35L+46-35x 34-8) cal. 
46:35L + 46:35 x 34:8 = 460-8 x 52-7 ^ L=537 cal/g 
Ex. 6.10: A calorimeter contains 200g water at 70°C. When 50g ice at 0°C is added to the 
calorimeter and after the ice has melted completely, the temperature of water becomes 40°C, Next 
80g ice is again added and after its melting the final temperature becomes 10°C. Calculate latent 
heat of fusion of ice. 
Solution : Let water equivalent of the calorimeter be W gm. In the first step after the 50g ice melts 
completely the final temperature is 40°C. 


In this case, heat rejected by calorimeter and water, Q = (W +200) (70—40) = (W 4-200) x 30 cal. 
Heat received by ice, Q} =50L + 50 x 40 = (50L +2000) cal [ L = Laten heat of ice ] 


(W--200)x30-50L-2000 ~. W+200 - 2 (L&40) ae ase LS (i) 


In the second case, mass of water in the calorimeter = 200 + 50 = 250 g 
when additional ice of 80g is added the final temperature is 10°C . Now, heat given out by calorimeter 
and its water is 
Q, = (W + 250) (40 - 10) = (W + 250) x 30 cal. 
and heat absorbed by ice, Q4 = 80L+80x10=80(L+10) cal 


(W+250)x30=80(L+10) — W+250=5(L+10) P T MAIOR A (ii) 
From (i) and (ii), 50 = $ +10-$(L+40) ^ L-90calg^! 


Ex. 6.11 : When a metal of mass 45g at 100°C is added to a ice calorimeter, the volume of the 
mixture decreases by 0:4596 c.c. calculate sp. heat of the metal. Given, density of ice = 0-917 g/c.c. 
and latent heat of fusion of ice = 80 cal/g: 


Solution : Volume of 1g ice, v; =o and vol. of 1g water v; —1c.c. 


when 1 g ice melts, contraction in volume is Av = v; —v5 


ZERO 10-917) 83. 
Me yap iei ToT 
“. — total mass of ice melted in this case, =0:4596x 21 =5g 


Heat required for melting of ice, Q, 25x 80 = 400 cal. 
and heat given out by metal, Q, =45xsx100cal [s= sp. heat of metal ] 
4500s = 400 4 s = 0-088 
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Ex. 6.12: When 2g steam at 100°C is passed into a mixture of water and ice, all ice melts and 
temperature of the vessel rises to 4°C. Calculate the mass of ice initially present in the calorimeter. 
Given, water equivalent of water and calorimeter = 60g. Latent heat of ice = 80 cal/g and that of 
steam = 540 cal/g. 


Solution : Heat rejected by 2g steam when it is converted to water and final temperature becomes 
4°C is Q=2x540+2x96 = 1272 cal. 
Heat absorbed by vessel and water = 60x 4 = 240 cal. 
Heat absorbed by ice and to raise its temperature to 4°C is 
mx80--4m-84m [m = mass of ice in the vessel ] 
2404+84m=1272 +. m=12-3g 
initial mass of ice in the vessel = 12-3g 
Ex. 6.13: A piece of copper of mass 7:5 g at 27°C is dropped in boiling liquid oxygen (boiling 
point -183°C). The released oxygen occupies 1:89 litre at 20°C and at a pressure of 750 mm Hg. 
Find latent heat of vaporisation of oxygen. 


Specific heat of copper = 0-08 cgs; density of oxygen at N T P = 1-429 g / lit. [ J. E. E. '91] 
P, V. Ti 
Solution : The volume of released oxygen at NTP is M pros X [3 
750 x 1-89 x 273 P; = 780 mm Hg ; V, = 1-89 litre 
1, = —_—___— 21:74 litre 
293 x 760 T, =293K ; 1,=273K; P, 2 760 mm Hg 
mass of this oxygen, m = 1-74 x 1429 = 2:486 g 
Heat absorbed by oxygen, Q, = 2:486 g L cal. [ L = latent heat ] 


Now, heat released by copper when its temperature drops from 
27°C to - 183°C is Q, = TS x 0-08 x 210 
2:486 L = 7:5 x 0:08 x 210 s L=50-74 cal/g 
Ex. 6.14 : A vessel contains a small quantity of water in it. Air is being rapidly pumped out 
from the vessel. As a result of rapid evaporation the water gradually freezes. Calculate the fraction 
of initial quantity of water that can be converted into ice in this process ? 
Given, Latent heat of ice = 80 cal/g and of vaporisation= 540 cal/g. 
Solution : Let m be the mass of water in the vessel. Let m gm of water condenses to ice and the rest 
(m-m)g to vapour. Heat required for vaporisation comes from the heat given by the freezing water. 


Heat liberated by m water during freezing = 80m, cal and heat absorbed by (m, - mi) & of water 


during vaporisation is (m, — m) x 540 cal. 


my 540 27 
540 (m—m,)=80m, ^ ML*59^3T 


Ex.6.15: An iron sphere is placed on a large block of ice at 0°C. The sphere is half immersed 
under ice. Calculate the initial temperature of the iron sphere. Density of iron = 77 gee. 


Density of ice 70:92 g/c.c., specific heat of iron = 540 J kgk! 
and latent heat of ice = 336x 10° J kg” 


Solution : Let the volume of the. sphere = V c.c. 
volume of ice melted 20.5 V c.c. and its mass is. m =0-5V x 0.92 2 0.46 V gm. 


O -———— CE NS E re > La 
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Let initial temperature of iron sphere — 0*C 
heat released by the sphere = m s 8 


=7-7XVxX0-12x 0 cal [s= i 
= 0924 0 V cal ..... iere (i) 


336x10? 
Now, heat absorbed by ice = mL 2 0:46V x80 = 36-8 V cal p UT 80 5 


0:9240 V 236.8 V 50025 39-83°C 
temperature of the iron sphere — 39-83° C 
Ex. 6.16: 10g of a substance was taken in the solid state at -10°C. 64 calorie were required to 
heat it to -2°C (still in the solid state) and 880 and 900 calorie were required to heat it to the liquid 
state at 1°C and 3°C respectively. Assuming that the specific heat of the material of the solid and 
liquid state has values s, and s, (sy + $3) respectively, find their values. Show that latent heat of 
fusion L is related to the melting point tamperature t, by L=79+0-2t,,. [ J. E. E. 1982] 
Solution : Heat absorbed in the first stage — 64 cal. 
At the second stage, heat absorbed = 880 — 64 = 816 cal. 
and at the third stage, heat absorbed = 900 — 880 = 20 cal. 
considering the first stage, 64 — 10x s, x[-2-(-10)]=80s, 75-08 
In the third stage, 202 10x sj X (3-1) 2 205 s =1 
In the second stage, 816 = 10x0-8x(t,, +2)+10L+10x1x(1-1,,) 
= 8t, + 16 + 10L + 10 — 10r, 
L2 790-25 
Ex. 6.17: Supplying heat at the rate of 200 cal/min to a piece of solid of mass 100g, it was found 
that (a) its temperature rises from -5°C to 0°C in 1-25 min., (b) the temperature remains steady at 
0°C for 40 minutes, (c) then the temperature increases at the rate of 2°C per min. and becomes 
100°C, (d) the temperature again remains steady at 100°C for 135 minutes and the mass of the 
substance during this time was reduced to half. what information do you get regarding the thermal 
constants of the substance from the above observations ? Neglect loss of heat. [ J. E. E. ’87] 
Solution : (a) If the specific-heat of solid substance the s,, heat required to raise its temperature from 
—5?C to 0°C is 
Q = ms, [0 -(-5)] = 500 s, [m, 7 100g] 
By question, 500.5, =200x1:25> s, = 0.5 
sp. heat of the substance in solid state, s, = 0*5 cgs. 
(b) At this stage, although heat is supplied at same rate, temperature does not change. At this stage 
melting of the substance takes place. If L be the latent heat of fusion of the solid, 
100 L = 200 x 40 s L-80. 
Latent heat of fusion of the substance = 80 cal/g. 


(c) Liquid form of the substance takes 50 min to raise its temperature from 0°C to 100°C. If s, be the 
specific heat of the liquid then, 
100 s, x100= 200x50 n n=l 
sp. heat of the liquid = 1 cal g^! 
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(d) the temperature remains steady at 100°C for 135 min. Obviously, during this time interval the 
liquid vaporises. Heat supplied during this time = 200x135 = 27000 cal. 


The mass of liquid vaporised = E =50g 
If L, be the latent heat of vaporisation 
50L, = 27000 SOL, = 540 cal. 
Evidently, melting point of the solid is 0°C and boiling point is 100°C. From the values of the thermal 
constants it is easily understood that the solid is ice and the liquid is water.. 


@ SHORT ANSWER TYPE QUESTIONS (With Answers) € 


Q. 1. What is dew and how dews are formed [J. E. E. 2003] 


Ans. Dews are water drops condensed on green leaves of trees near earth's surface and on the green 
grasses during night time when temperature goes below dew point. 

During day time moisture accumulate in atmospheric air, At night due to fall of temperature, the air 
becomes saturated with moisture present in air. When temperature falls further the moistures get separated 
from air and condense on cooler objects like green leaves of trees or green grasses. Thus dews are fomed. 

Q. 2. When does a solid gets directly converted into a gas on application of heat ? [J. E. E. 2002] 

Ans. On being heated à solid is directly converted into its gaseous form when the vapour pressure of 
the substance is greater then the atmospheric pressure. 

Q. 3. When does a liquid boil ? 

Ans. When a liquid is heated its saturation vapour pressure increases and rate of evaporaion also 
increases. At a particular temperature saturation vapour pressure becomes equal to atmospheric pressure. 
Then vaparisation starts throughout body of the liquid and boiling starts. 

Q. 4. Water is poured into à hole made in a block of melting ice. Will the added water freeze ? 

[H.S.] 

Ans. The added water on the block of melting ice will not freeze. : 

Reason : When some amount of water is added into a hole on a block of melting ice some ice will 
melt absorbing heat from water. The temperature of water falls and ultimately becomes 0°C. Now both 
water and ice are at 0°C. The water will condense if it can release the latent of fusion of 80 cal/g. As 
water and ice both at 0°C, water can not release the heat and ice cannot absorb the heat. 

Hence added water will not freeze. Ice and water will remain at 0°C. 

Q. 5. What is eutectic temperature ? 

Ans. The temperature at which a solution freezes as à whole without any separation of the solvent 
and the solute, is called eutectic temperature. 

For example, when sea water is cooled, then at a temperature below 0°C, ice forms due to freezing of 
pure water and separates out from the solution, This ice contains no salt. So the concentration of salt in 
the remaining portion increases. As the solution gets more concentrated, its freezing point also decreases. 
Finally at is temperature of -23°C, the solution freezes as a whole, So, the eutectic temperature of the 
solution of common salt is -23'C. 

Q. 6. Why casting is done with cast iron, brass and type metal ? 

Ans. Cast iron, brass and type meals expand on solidification. when such a metal in the molten state 
is poured into a mould, it expands on freezing. As a result sharp impression is obtained. 


Q. 7. How glaciers are formed ? 


Ans. In high mountain ranges, large amount of ice are deposited from the atmosphere. Ultimately 
huge block of ice is formed. As a result large pressure is produced at the bottom of the ice block. The 
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melting point of ice consequently decreases. So, the ice melts and the huge block of ice comes down 
slowly. Thus glacier is formed. 


Q.8. Water vapour or steam is colourless, but the steam coming out from the spout of a kettle 
is seen to be white. Why ? 


Ans. When water in a kettle is heated and boiled, colourless steam comes out through the spout. 
When the steam comes out into the colder air outside, some amount of steam condense forming minute 
water droplets which appears to be white. 


Q. 9. Steam at 100°C is passed through water in a beaker. Will the water in the beaker boil ? 
Ans. Water will reach at 100°C, but it will not boil. 


Explanation : If the water in the beaker be at a temperature less than 100°C, at first water will absorb 
heat from the steam. Some steam will condense and water in the beaker will ultimately come to 100°C 
which is the steam temperature. Now, both water and steam are at 100°C and there will be no exchange 
of heat between them. The water can not extract the required latent heat of vaporisation. So it will not 


condense. 
A. Short answer type questions : 


1, What we mean by sensible heat and latent heat ? 
2. Why is latent heat required during change of state ? 
3, What is meant by fusion ? Melting point of platinum is 1775°C —What does it mean ? 
. What is the effect of pressure on melting point of a substance ? Give reasons. i 
. Why two pieces of ice pressed together for some time are converted into one piece. [ H. S. 2000, 2002] 
. What is regelation ? Explain. 
. What is the effect of pressure on boiling point of a substance ? Can water be boiled at room temperataure ? 
. Why does 1 Ib of iron at 100°C melt much more ice than 1Ib of lead, also a 100°C ? [ J. E. E. '89 ] 
A person gets a more severe burn by steam at 100°C than by boiling water also at 100°C. Why ?[ H. S. '82] 
Some water is poured into the hole on a block of ice at 0°C. Will the water added will freeze ? 
A beaker of water is kept on table in a room. Can this water be made to boil by passing steam through it at 
atmospheric pressure ? Give reason. [H. S] 
12. To measure boiling point of a liquid, the bulb of the thermometer should be kept just above the liquid surface 
and should not be dipped into the liquid. Explain. 
13. Ammonia can be liquified at room temp by appling pressure. But oxygen can not be liquified. Explain. 
14. Pressure cooker helps to cook food fast. Explain. 
15. To cool tea or milk, it is poured on a plate. Why ? 
16. The boiling point of alcohol is 78°C. What is the value of SVP of alcohol at this temperature? [J. E. E. ] 
17. The melting point of ice in vacuum is 0-0073°C. What does it mean ? 
18. The critical temperature of CO; is 31-4°C. Will it be gas or vepour at 25°C? 
19. What are boiling and evaporaion ? What are their differences ? 
20. What is the saturated vapour pressure of water at 100°C ? 


ee 
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B. Essay type questions : 
1. Mention the difference between evaporation and boiling. What is the effect of pressure on boiling point ? 


[H. S 1999] 

2. Describe an experiment for determining the latent heat of fusion of ice. 
3. (a) State the influence of pressure on the melting point of a substance. [H. S. '97] 
(b) State and explain the effect of pressure on the melting point of a substance. [H. S. 1998] 


~ 4. A block of ice at -0°C is given heat at constant rate. Show graphically the variation of temperature of the block 
with time. Show change of state clearly on the diagram. 


6. 


T 
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What is regelaion ? When two pieces of ice arè pressed together they form a single piece. Explain why ? 


Simple numerical problems : 


What will be the result if 64800 calorie heat is extracted from 100 gm of steam a 100°C ? Letent heat of ice and 
steam are 80 cal/g and 540 cal/g respectively. E 
[Ans. 10g ice, 90g water, final temperature — 0°C) [H. S. 2003] 
How to divide 1kg of water at 5°C into two parts so that when one part is converted ino ice, the heat rejected 
can convert the other part into steam ? Latent heat of fusion of ice is 80 cal/g and of steam is 540 cal/g. 
[ Ans. 881.96g ; 108-04g ] [H. S 2002] 
Divide 1 kg water at 60°C in such a way that when one part is converted to ice at 0°C, the heat rejected can 
vaporise the other part. Latent heat of ice = 80 cal/g and of steam = 536 cal/g. 
[Ans. 804-5g, 195:5g]  [H. S. 2000] 
How much heat its required to convert one gm ice at -10°C to steam at 100°C ? (sp. heat of ice = 0:5 ; 
Laten heat of ice = 80 cal/g and of steam = 540 cal/g) [ Ans. 725 cal ] L[H.S.1998] 


. The water equivalent of a vessel is 5g and it contains 55g water at 20°C. 25g ice at 0°C is dropped into the 


vessel. what will be the result ? What is the temperature of the mixture ? Latent heat of ice = 80 cal/g 

i [Ans. 70g water, 10g ice, Final temperature = 0°C] [H.S.'82] 
A calorimeter of mass 50g contains 200g water at 20°C. 20g dry ice at 0°C is dropped ino the colorimeter, If 
the temperature of the mixture be 11°C; calculate latent heat of fussion of ice. Specific heat of the material of 
the calorimeter == 0:095. (Ans, 81:14 cal g7! (approx)] [ H. S. 93] 
A calorimeter of water equivalent 10g contains 90g water at 40*C. 100g ice at -10°C is dropped into the 
calorimeter. What will be the result ? [sp. heat of ice =0-5, Latent heat of fusion of ice =80 cal g!] 


* [Ans. mixture contains 133-75g water and 56-25g ice and temperature of the mixture =0°C] [H. S. 792, 795] 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


Temperature of water has to be raised from 24°C to 90°C by passing steam through it, How much steam has to 


be passed ? [Ans. 12g] [L I. T] 
5g ice at —10°C is mixed with 20g water at 39°C. Will all ice melt ? If it does, what is the final temperature ? 
sp. heat of ice = 0:5 cgs and latent heat of ice = 80 cal gl [ Ans. All ice will melts ; 14-2?C] 
Density of ice and that of water both at 0°C are respectively 0-916 g/c.c. and 1g/c.c. Temperature of a metal 


block of mass 1600g is 80°C. When it is dropped into the mixture of ice and water, some amount of ice melts. 
If the volume of the mixture decreases by 8:4 C.C., Calculate (i) mass of ice melted (ii) sp. heat of ice. 
[Ans. (i) 91-6g ; (ii) 0:057 cgs] 

When a piece of metal of mass 48-3g at temperature 10-7°C is kept in steam at 100°C, 0-762g of steam condenses. 
Calculate the specific heat of the metal. [Ans. 0-095 cgs.] [LE T.] 
The thermal capacity of a vessel is 4 cal per "C and initial temperature 8-6°C 25g ice at 0°C and 26g water 
at 70*C are poured into the vessel. What will be the final temperature of the mixture ? Latent heat of ice — 80 
cal/g. j [Ans. 1:8°C] 
Some amount of water at 0°C is kept in an elecrical kettle. It takes 15 min to raise the temperature of water to 
its boiling point. It also takes 80 min to convert the water to steam at 10c*C. Calculate latent heat of steam 

: [Ans.53333 cal g'] [I LT] 
A copper calorimeter of mass 100g contains 200g water at 50°C A lump of ice of mass 20g at -5°C is dropped 
into the calorimeter what will be the results ? The sp. heats of copper and ice are respectively 0-1 and 0-5 cgs 
Latent heat of ice = 80 cal gl [Ans: Final temperature = 38:48°C] [ H.S. '97] 
A copper ball of mass 40g is kept in a furnace for some time and then quickly dropped into the hole on a large 
block of ice. If 18-3g ice melt, what is the temperature of the furnace ? Given, Sp. heat. of copper = 0-1 C. G. 
S. Latent heat of fusion of ice = 80 cal/g. [ Ans. 366°C] 
An aluminium vessel of mass 100g contains 200g ice at —20*C. If heat at the rate of 100 cal/sec is supplied to 
the vessel, what will be the temperature of the system after 4 min ? Latent heat of ice = 80 cal/g, sp. heat of ice 
= 0-5 cgs, and specific heat of aluminium = 0-2 cgs. f [Ans. 25:45*C] 
The water equivalent of an electric kettle is 100g and it contains 890g of water at initial temperature 20°C, 
When current is passed, the water in the kettle rises to its boiling point after 3 min 45 sec. If 20% of energy 
supplied is lost, calculate the rate at which heat is ptoduced in the kettle. [ Ans. 440 cal s-!] [H. S. 788] 


Phy (D—39 
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18. An iron block of mass 900g initially at temperature 500*C is put on a large block of ice. If 680 c.c. of water is 
formed, Calculate latent heat of ice. Given specific heat of iron — 0-12 C. G: S. [ Ans. 79-4 cal g:!] 
19. 11-5g steam at 100°C is passed into a vessel containing water of mass 480g at 11°C. Final temperature is 25°C. 
Mass of the vessel is 190g and its sp. heat 0-1 cal g !. Calculate latent heat of steam. [Ans. 532.5 cal g^] 
20. Melting point of sulphor is 113°C and its sp. heat 0-17 cal g-!°C-!. Latent heat of fusion of sulphor 9 cal gl 
35 g sulphor at its melting point is dropped into a copper calorimeter of mass 40 g containing 100 g water at 
14°C. Calculate rise of temperature of water. Sp. heat of copper = 0-1 cal gc. [Ans. 8-2°C] 
21. A calorimeter of water equivalen 60g contains 600g water at 30°C. If the calorimeter is supplied heat at the rate 
of 100 cal s-!, calculate the time when water will rise to its boiling point. After how much further time 50g 


water will vaporise ? Latent heat of steam = 540 cal g^ t [Ans. 462 sec ; 270 sec.] 
22. Equal amount of hot water arid ice are mixed. When ice melts completely, temperature of the mixture is 0°C. 
Calculate initial temperaure of hot water. [ Ans. 80°C] 


23. Equal volumes.of turpentine oil and water takes 4 min and 10 min respectively to lower the temperature from 
60°C to 40°C. If the rate of heat loss by terpentine oil and water be same, Calculate specific heat of oil. Given 
specific gravity of oil = 0-88. [ Ans. 0-45 cal g^! °C-!] 

24. A metal of mass 10g is heated to 100°C and dropped ino a mixture of water and ice. As a result the volume of 
the mixture decreaese by 0:1 c.c. although temperature does not change. Calculate the specific heat of the metal. 
Latent heat of fusion of ice is 80 cal g~!. Densities of ice and water at 0°C are respectively 0-916 and 1.0 g/c.c. 

(0:087 cgs ] [ H. S. '88] 

25. Some amount of water is heated by am electric heater. It takes 20 min. to raise the temperature of water from 

0°C to to its boiling point. To convert this water to steam it takes 1 hr. 48 min. Calculate latent heat of steam 
- [Ans. 540 cal g*!] 

26. A man of mass 50kg is moving with a velocity of 18 km/hr. Whole of his kinitic energy can raise the temperature 

of some water from 20°C to 30°C. Calculate the mass of the water. [ Ans. 15g] 


27. A,B, and C are three liquids. If 5g of A at 60°C is mixed with 2g of Ca 50°C, the final temperature becomes 
55°C. Next, if 1g of A at 60°C is mixed with 4g of B at 50°C, the final temperature is 55°C. What will be the 
final temperature if 4g of B at 60°C is mixed with 2g of C at 50°C. [ Ans. 51-66°C ] 


28. A calorimeter of water equivalent 120g contains 800g water at 20°C. Now 300g ice at 0°C is dropped into the 
calorimeter, How much ice will remain intact ? To increase the temperature of the mixture to 20°C, how much 
steam at 100°C has to be passed ? Latent heat of ice 80 cal g ' and letent heat of steam = 540 cal g! j 


[ Ans. 270g ; 74-19g ]. 
29. Solar energy is falling on the earth at the rate of 1400 w/m?. Sun's rays are focussed on a piece of ice of mass 
280g by a lens of area 0:2 m2, After what time the ice-will melt completely ? Latent heat of ice 
23.36x105 J kg”. [Ans. 5 min 30sec.] [I. I. T. 1997] 
[Hints : solar energy falling on lens =1400x0-2=280 J/s Heat required for complete melting of ice 

=0-28x3-36x10°=0-94x10° J.J - 

wed ime 29:94X105 _ 

required time — 280 z 330 sec. 
D. Harder numerical problems : 


1. A metal of mass 45g at temperature 100°C is dropped into a ice calorimeter. As a result volume of ice decreases 
by 0-4596 x 10-5 m3, Calculate sp. heat of metal. Given, density of ice = 0-917 g/c.c. and laten heat of ice 
2336x103 J kg”! . [Ans. 379 J kg! k ] 

2. Water kept in a earthen pot vaporises at the rate of 1g/min. The water equivalent of the vessel is 0-5 kg and its 
contains 9-5 kg. water. After what time the temperature of water decreases from 30°C to 28°C ? Neglect loss of 

heat by radiaion. Latent heat of fusion of ice = 540 cal/g. [Ans. 34-60 min] 


3. A lead bullet at 27°C moving with a velocity of 700 m/s strikes a steel plate. As a result by the heat 
produced, the bullet just melts. If the heat is absorbed both by bullet and the plate, how much heat is absorbed 
by the plate ? specific heat of lead =0-03 cal g-1 *C-!, its melting point = 327°C and latent heat of fusion of 
lead = 5-4 cal g~. : [J. E. E. 1984] [ Ans. 75-396] 


6. 
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. Moist steam at 100°C is passed through an empty vessel of mass 10 kg. The temperature of the vessel rises 


from 15°C to 60°C and 150g of water is formed in the vessel. Calculate percentage of water in the steam. Latent 
heat of steam is 540 cal g^! and specific heat of the material of the vessel = 0-12 cal g^! *C-!. 
J [ Ans. mass of water in steam = 61: 14g = 40:74%] 


. A calorimeter of mass 100g contains 150g water at 30°C. Now few pieces of moist ice are dropped into the 


calorimeter. Final temperature becomes 5°C. Total mass of the calorimeter with the contains is 300g. How much 
water was mixed with ice ? Letent heat of ice = 80 cal g ! and specific heat of copper = 0-1 cal g^! °C"! 

x [ Ans. 3-125 gm] 
In an industrial process 10 kg of water per hour is to be heated from 20°C to 80°C: To do this, steam at 100°C 
is passed from boiler into a copper coil immersed in water. The steam condense in the coil and is returned to 
the boiler as water at 90°C. How many kg of steam are required per hour ? specific heat of steam = 1 cal g^! 
*C-l, Latent heat of steam =540 cal gu. [Ans. Ikg/hr.] 
An electric heater is dipped in a vessel containing water at 0°C. The heater produces heat at the rate of 3000 
Js-!, The vessel with its contents is maintained at 0°C by adding ice at the rate of 9 g/s. Calculate laten heat of 
ice. If the toal heat capacity of the vessel and its contens is 12000 Jk-!, at what rate the temperature will rise 
when the supply of ice is stopped ? [Ans. 80 cal g^! ; 0:25°C/sec ] 
What 1g ice at 0°C melts, its volume decreases by 0091 c.c. What mass of metal at 60°C and having sp. heat 
0-1 cal g7! ?C-! be dropped into a copper calorimeter so that volume of ice and the mixture decreases by 0-273 
c.c.? Latent of steam = 80 cal g'!. [ Ans. 40 g ] 
An isolated vessel contains 100g water at 0°C. When the air is removed from the vessel, one part of water 
condense to ice and the other part vaporises at 0°C. How much ice will be formed ? Latent heat of ice 
=3-36x10° J kg" and latent heat of vaporisation of water = 210x105 J kg". [Ans. 86 g] 


HYGROMETRY 


TOPICS : Vapour pressure : Saturated and unsaturated vapour; Vapour pressure and 
temperature ; Behaviour of un-saturated and saturated vapour at constant pressure; Difference 
between unsaturated and saturated vapour; difference between gas and vapur : Critical 
temperature ; Dew point ; Humidity of air ; Effect of relative humidity in daily life ; Regnaults 
hygrometer ; Mass of moist air. g 


“7.1, Introduction : 

Hygrometry is an important branch of plysics. Here we determine amount of moisture in a certain. 
volume of air and we study different natural phenomena related to presence of moisture in air. | 

Evaporation is continuously.taking place from the sea and other surface of water which covers two- 
third of earth’s surface area, Huge amount of water vapour are drawn up into air. So atmosphere always 

- contain water vapour. The amount of water vapour which air holds varies from time to time. Though the 
quantity of water vapour is small compared with the other constituents of air, natural phenomena like 
rain, dew, fog etc are due to condensation of moisture present in air. 

In rainy season air is ‘wet’ i. €. it contains too much water vapour, while in winter, the air is almost 
dry. Forecasting of weather requires a knowledge of the amount of moisture in the air. So it is necessary 
for us to determine the moisture content in air in different places and times. Hygrometry is concerned 
with the measurement of the amount of moisture in the air. It deals with the condition of atmosphere with 
regard to water vapour present in it. 


7.2. Vapour pressuure : saturated and unsaturated vapour : 

Evaporation from the surface of a liquid takes place at all temperatures. If the liquid is confined ina 
closed space the space gradually becomes full of vapour of the liquid. This vapour exerts pressure on the 
wall of the vessel like ordinary gas. This pressure is called vapour pressure of a liquid. 

Due to continuous evaporation, it is found that after a certain time evaporation of the liquid ceases. 
Thus, there is a limit to the amount of water vapour that a space can hold at a particular temperature. The 
space is then said to be saturated with vapour. The vapour is then known as saturated vapour. A 
vapour is saturated if it is in equilibrium with its own liquid. And the pressure exerted by this vapour is 
called saturated vapour pressure (S. V. P) of the liquid at a given temperature. 


€ Definition: The saturation vapour pressure of a liquid at a particular temperature is the 
maximum pressure exerted by its.vapour at that temperature.. 

On the other hand, if a space contains amount of vapour less than the maximum possible amount at a 
given temperature, the space is then said to be unsaturated. The corresponding vapour is called unsaturated 
vapour. ‘The corresponding vapour pressure is called unsaturated vapour pressure. . 


€ Experiment : The following experiment is very illustratative. 
Buble We take two barometer tubes A and B. In both the tubes, mercury 
will stand at the same height corresponding to the atmospheric 
pressure. The space above mercury in both the tubes is the Torricellian 
vacuum. 

Now, with the help of a pipette, a small quantity of water is 
‘A introduced into one of the tubes drop by drop. Water being lighter 
than mercury, it goes to the Torricellian space. The water will evaporate 

C due to very low préssure existing there. Since the vapour exerts 
Fig: 71 'pressure, the mercury column will be depressed slightly. As more 


Water 
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water is introduced drop by drop, the depression of mercury column continues. After some time, it will be 
noticed that some water accumulate above the-mercury column [Fig 7.1]. No further depression of the 
mercury column is observed. It means that vapour pressure is not changing further. The space above the 
mercury column is now saturated with aqueous vapour and the pressure exerted by this vapour is called 
saturated vapour pressure. 

The difference of the heights of the mercury column in the tubes A and B gives the measure of 
saturated. vapour pressure or aqueous tension. 

The vapour in the space above mercury in the barometer tube before water accumulates is unsaturated 
and the pressure exerted by this vapour is called unsaturated vapour pressure, Evidently pressure of 
unsaturated vapour is less than pressure exerted by saturated vapour. 


€ Alternative definition of saturated and unsaturated vapour : 


(i) When the pressure exerted by a vapour at a given temperature is equal to the maximum pressure it 
can exert at that temperature, it is said to the saturated. 

(ii) When the pressure exerted by a vapour at a given temperature is less than the maximum pressure 
it can exert at that temperature, it is said to be unsaturated. A 


7.3. Vapour pressure and temperature : 


The maximum or saturated vapour pressure of a liquid depends on temperature. If the temperature is 
higher, the saturated vapour pressure is also higher, We describe an experiment here : 

A barometer tube is kept in glass jacket. Now, some water is introduced in the space above mercury, 
in the tube so that the aqueous vapour is saturated and a small quantity of water accumulates above 
mercury. Now, the jacket is filled with hot water. It will be seen that the water accumulated above mercury 
has vaporised and the mercury column has depressed a little further. Again water is introduced above 
mercury drop by drop. Water continuously vaporises and mercury columns gradually decreases. After 
some time it will be found that water again accumulates in the space above mercury and height of the 
barometer mercury remain stationary. 

If the temperature of water in the jacket is raised again it will be observed that again some water has 
vaporised and height of mercury has lowered further. 

The experiment proves that, with rise of temperature maximum 
vapour pressure or saturated vapour pressure increases. In Fig 7.2 
we show the variation of S. V. P. of water with temperature. 
Evidently the increase of S. V. P. does not follow pressure law. So, 
the saturated vapour does not obey pressure law. 4 

From the graph we see that S. V. P. of water is not zero at 0°C. 
Its value is about 0-4 cm Hg. With rise of temperature the value of * 
S. V. P rises. S. V. P. of water at 100°C is 76 cm Hg. It means that O — Temperature (0°C) 100°C 
at normal atmospheric pressure water boils at 100°C. So, water : Fig: 72 
boils at a temperature of which S. V. P. of water is equal to super in h 
cumbert pressure. In the table below we see S. V. P. of water at different temperatures. ` 


Temperature (°C) S. V. P. mm Hg Temperature (^C) 


614 A TEXT BOOK OF PHYSICS 


7.4. Behaviour of unsaturated and saturated vapour a constant temperature : 


(i) Behaviour of unsaturated vapour : Unsaturated vapour obeys Boyle's law 

Few drops of water is introduced in the space above mercury of a barometer whose tube is calibrated 
in volume. Amount of water be such that no water accumulates and the vapour is unsaturated. 

Due to the pressure exerted by the unsaturated vapour the mercury column is depressed a little. By 
noting the difference of height of mercury column, pressure exerted by the vapour above mercury can be 
obtained. The volume of aqueous vapour is also obtained from the reading of graduation marked on the 
tube. ` 

If the barometer tube is raised, the volume of the Torricellian space rises and at the same time height 
of mercury column also rises slightly. It proves that, if the volume of the unsaturated vapour is increased, 
its pressure decreases. For different positions of the tube, the pressure and volume of the vapour are noted 
(vapour must remain unsaturated all the time). It will be found that the product of pressure and volume of 
the vapour for different positions of the tube is practically constant. Hence we conclude that, unsaturated 
vapour obeys Boyle’s law approximately. 

(ii) Behaviour of saturated vapour : More drops of water are introduced gradually in the tube, the 
vapour in the space will be ultimately saturated and small amount of water will accumulate above mercury, 
column. Now, the tube is lowered, the volume of the saturated vapour decreases. But the height of the 
mercury column remain unchanged and amount of water accumulated above mercury increases. On raising 
the tube, some water evaporates to keep the space saturated. In this case also the height of mercury 
remains unchanged. 1 

Hence, at constant temperature, the saturation vapour pressure is independent of the volume accupied 
by vapour. So, Boyle's law is not obeyed by a saturated vapour. 

The above informations on unsaturated and saturated vapours are represented graphically in the fig 

7.3. AB part of the graph shows the variation of pressure with volume 

D (at constant temperature) of a fixed mass of unsaturated vapour. 

Liquid Evidently, Boyle's law is obeyed by the vapour. At B, the vapour 

becomes saturated. Now, with reduction of volume pressure remains 

c unchanged. The saturated vapour gradually condenses to water. This 

„change is represented by BC. At C all the vapour condenses to water. 

Now with increase of pressure volume change is negligible as liquid 

is almost incompressible. This is represented by CD which is almost 
parallel to pressure axis. 


B 


> Pressure 


—. 
Fig: 73. 
7.5. Difference between unsaturated and saturated vapour : 


From our previous discussion the difference between unsaturaed and saturated vapour are given 
below : 


Unsaturated vapour 


Saturated vapour 


l. A vapour in a closed space is unsaturated at a 
given temperature if the pressure exerted by it 
is less than S. V. P. at that temperature. 

2. It can not remain in equilibrium with its liquid. 


l. A vapour in a closed space is said to be 
saturated at a given temperature if the pressure 
. exerted by it is maximum at that temperature. 

. Saturated vapour remains in equilibrium with 

the liquid. 

Saturated vapours do not obey Boyle's law. In 

this case when the volume is reduced vapour 


3. At constant temperature, pressure due to | 3. 
unsaturated vapour change with volume 


obeying Boyle's law. 

In this case change in temperature at constant 
volume produces a change in pressure 
following the pressure law. 


m 


condenses to liquid. 

At constant volume if temperature is increased 
Saturated vapour pressure increases. This 
increase of pressure is not according to 
pressure law. 
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7.6. Difference between gas and vapour : critical temperature 


We know that an unsaturated vapour behaves like a gas and they approximately obey gas laws. Most 
of the time we designate a gaseous substance by both the terms ‘vapour’ and *gas' To be pecise, there is 
a difference between the two. i 

© Critical temperature : It is found that for every gaseous substance there is a particular temperature 
below which it can be liquified by applying pressure alone. On the other hand if the gaseous substance is 
above this particular temperature, it can never be liquified by increasing the pressure on it. This special 
temperature of the gaseous substance is called critical temperature. Different substance has different 
critical temperature. So its value depends on nature of the substance. 

When a gaseous substance is below its critical temperature, it is called vapour and when it is above is 
critical temperature, it is called gas. Hence we can say that vapour can be liquified by pressure, but a gas 
can not be liquified by pressure. 

Examples : (i) At room temperature ammonia, sulphor dioxide, methyl chloride are vapours. 
Critical temperatures of ammonia, sulphur dioxide and methyl chloride are 132:2°C, 157:2°C and 
141°C respectively. 5 ti ti 

(ii) On the other hand hydrogen, oxygen and nitrogen are gases at room temperature. For 
hydrogen critical temperature is -240°C, for oxygen it is —118:8?C and for nitrogen it is -147-1*C. 

Example 7.1: A vessel of volume 1000 c.c. contains saturated water vapour at 20°C. The 
pressure of air is 75 cm Hg. If the volume is reduced to half of the initial volume, calculate the 
pressure, saturation vapour pressure = 1:75 cm Hg. 

Solution : Volume of the vessel = 1000 c.c., Pressure of moist air = 75 cm Hg. Partial pressure of 
moisture = 1:75 cm Hg. .. Pressure of dry air 275 -1:75 = 73-25 cm Hg. 

Now, let when the volume is 500 c.c. and pressure of dry air — B 

Now, by Boyle's law, 500 P-1000x7375 ~ P= 146:5 cm Hg. 

At constant temperature saturated vapour pressure remains same. 

So, the pressure of moist air = 146-5 + 1-75 = 14825 cm Hg. 


7.7. Dew point : 

The atmospheric air always contains moisture. Generally, air is not saturated by the water vapour 
present in it. So the actual vapour pressure in air is less than the saturated vapour pressure. Now if the 
temperature of a certain mass of air is lowered gradually, the same air will become saturated with water 
vapour present in it. This temperature is called dew point. Further cooling of air causes dew to appear. 
Hence dew point is the temperature at which dew is formed. 

@ Definition: The dew point is the temperature at which a given mass of air becomes just 
saturated by the water vapour contained in it. 

Since amount of water-vapour does not change, actual pressure due to the vapour present will be equal 
to the saturated vapour pressure corresponding to the dew point. 

“ Obviously if the moisture content of air changes dew point will also vary. Higher is the amount of 
moisture in air higher will be the dew point. If it happens that atmospheric air is saturated with water 
vapour present in a locality then the dew point will be the room temperature. 

Assume that temperature of air at a certain place is 25°C and dew point is 10°C. So, air is not saturated 
at 25°C by the water vapour present in it. But if the temperature is lowered to 10°C, the air becomes 
saturated with the same amount of water vapour present in it, Hence we can say that, aqueous vapour 
pressure at 25°C will be equal to the saturated vapour pressure at 10°C. 


7.8. Humidity of air : 
Atmospheric air contains a varying amount of moisture. The degree of dampness of air is expressed in 
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terms of humidity. The measure of water vapour content of air is expressed by humidity. We express 
humidity in two ways : 

(i) Absolute humidity (ii) Relative humidity. 

(i) Absolute humidity : The absolute humidity of air is defined as the mass of water vapour 


present per unit volume of air. It is usually expressed in gm per cubic metre of air. 
However, for practical purposes, the absolute humidity is not so important. 


(ii) Relative humidity (R.H.) : The degree of wetness of the atmosphere is expressed by the term 
relative humidity. It is defined as the ratio of the mass of water vapour present in a given volume of air 
at a particular temperature-to the mass of water vapour required to saturate the same volume of air at the 
same temperature. Hence. i 


R.H.= Mass of water vapour in a given volume of air x100 
"^". Mass of water vapour needed to saturate the same volume of air at air temperature 
Since the mass of water vapour is proportional to its pressure, we write ; 


Pressure of water vapour in air 


HMM: 
R Saturated vapour pressure at air temperature 


Further we know that the mass of water vapour present in air is same as the s. v. p. of water vapour at 
dew point. Hence 
SVP of water at dew point 


mH SVP of water at air temperature 


If S. V.P. of water at dew point be f and the SVP of water at air temperature be F the R. H. = fx 100% 


The relative humidity of air is 90%—the statement means (i) the vapour pressure at room temperature 
is 90/100 or 9/10 part of the saturated vapour pressure at the same temperature. (ii) the water vapour 
present in certain volume of air is only 90% of the water vapour required to saturate the air at the room 
temperature. 4 


Obviously, relative humidity depends on mass of water vapour present in air and air temperature. 
7.9. Effect of relative humidity in daily life. 


The relative humidity of air has an effect on our daily life. The feeling of comfort and discomfort does 
not depend only upon the amount of water vapour actually present in air, but also depends upon air 
temperature. The main factor which controls the sensation of comfort or uneasiness in the relative humidity 
because relative humidity depends on amount of water vapour present as well as on temperature of air. 
This is so because whether the air is much unsaturated or very nearly saturated by the water vapour 
present in it is determined by the air temperature. 3 

In general when the moisture content of air is low, the sweat produced evaporates rapidly, the required 
latent heat comes from the body and we feel cool and comfort. On the other hand, if the air is very humid, 
the process of evaporation is very poor giving rise to feeling of discomfort. j 

Relative humidity has also some other effect on our daily activity, we discuss some examples below : 


(i) Wet clothes are found to dry up quicker in winter than in rainy season although the temperature in 
winter season is less than iri rainy season. Air contains large amount of water vapour in rainy season and 
relative humidity is high. Í : 

This hinders evaporation of water from wet clothes. On the other hand, in winter, the atmosphere is 


less humid which facilitates the ráte of evaporation. For this reason, wet clothes are found to dry more 
quickly in winter than in rainy season. 


(ii) The feeling of uneasiness due to greater humidity may well be illustrated by mentioning that a hot 
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day at Puri causes greater discomfort than an equally hot day in Delhi. Atmosphere at Puri contains much 
more water vapour than Delhi. So relative humidity at Puri is much greater than that in Delhi. So sweat 
evaporates rapidly in Delhi than at Puri. Hence Delhi appears to be more comfortable. 

(iii) In winter season skin, lips etc get parched dué to low humidity. Atmospheric air absorbs water 
from the softer part of uncovered portion of the body. Lips, skins etc get parched in winter. This is 
prevented by giving a coating of glycerine on those parts of the body. As glycerine is hygroscopic, it 
draws water vapour from the atmosphere and prevents atmosphere from absorbing water from lips. 

@ Importance of relative humidity : Information about relative humidity is necessary in many 
cases : 

(i) It is found that we feel discomfort and uneasiness if the relative humidity exceeds 50-60%. 

(ii) Weather forecast can be made from the measurement of relative humidity. High value of relative 
humidity predicts the possibility of ‘rain. Meteorological office therefore, make regular measurement of 
relative humidity and anounces it through newspaper and radio, 

(iii) Germs of some diseases thrive in moist atmosphere. For this reason the department of Health and 
Hygiene keeps a note of the humid condition of the atmosphere. : 

(iv) In manufacturing cotton fibres, damp climate is conducive. For this reason, cotton mills are generally 
located at damp climate. 


7.10. Regnault's hygrometer : 

By hygrometer we can measure dew point at any time and hence the relative humidity of air at a 
place. 4 " 

€ Principle : Regnault's hygrometer determines dew point accurately. Then relative humidity is 


SVP at dew point 


A _x 100 
SVP at air temperature d 


measured by the equation, R.H. =L£x 100% = 

€ Description : Regnault's hygrometer consists of two thick walled glass test tube A and B joined 
by a narrow tube C [Fig 7.4] The part of the tube C connected to B is closed so that air cannot enter into 
the test tube B. The lower portion of the test tube A and B are made of thin highly polished silver caps - 
Pand Q. 

The mouths of A and B are closed by corks through which 
two thermometers T, and T, are inserted. The test tube A contains 
some ether and B is empty. A bent tube D is inserted into the 
ether. The tube A is connected to an aspirator through is branch 
tube E. 


Mode of working : By aspirator partial vacuum can be created 
in A. To fill this space air is drawn by the tube D and air bubbles 
through ether. As a result ether is rapidly evaporated. The necessary Ether 
latent heat comes from ether. So ether and the tube A gradually 
cools. The silver cap which is in contact with the liquid is also 
cooled. Ultimately a thin layer of dew appears on P. The Fig: 7-4 
temperature is noted by the thermometer T, at this instant. The 
other silver cap Q helps to detect the appearance of dew on:P by comparing the brightness of the tube 
surfaces. The thermometer T; records the air temperature. 

The flow of air is then stopped. Then the temperature of A begins to rise slowly. The temperature at 


which dew just disappears is noted from the thermometer T,. The.average of the two esr of T, gives 


the dew point at that time. Let t, and tį be the readings of T,. Then the dew point is fo =7 (t5) 


ENS 
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From the knowledge of dew point and room temperature, relative humidity can be obtained. From 
Regnault's table S.V.P. of air corresponding to the dew point and room temperature (f and F) are noted. 


RH=£x100% 


7.11. Mass of Moist air : 
We want to calculate the mass of 1 litre of moist air at °C under a pressure of P cm of Hg. 
If aqueous tension under this condition be f cm Hg, then pressure of dry air = (P -f) cm Hg. 


Let at temperature f°C and pressure (P — f), the density of wet air is Pm and the density of dry air = p, 
Again at 1°C and under a pressure of f cm Hg, density of water vapour is Py 


then, £5, 2 P4 * Po 
At NTP density of dry air pj, —1:294x 10^? g/ c.c. and density of water vapour at 
NTP is p,, -0-623x1-293x10 3g/c.c. 
P P 
Now, from gas law, PUES pry 


P-f 16 


pa(273+t) 1273x102 x273 
_P-f, TB 

165. 2ISE 
Similarly, Po =£ x E. x 0-622 x 1-293x107 g/c.c. 


Pm = Pa *Pw 
248903901073 eee P.f::0:62f. 
273+t 


x 1-293x 107 g/c.c. 


Pa 


76 


=1-293x107> x_x LOSS] 
; 27341 76 


Mass of 1 litre of moist air —1000x1-293x —x 
273 76 


€ NUMERICAL PROBLEMS e 


Example 7.2: A closed room of dimension 5m x 5m x 4m is full of air at 27°C. Calculate the 
mass of water which will be condensed if the relative humidity be changed from 90% to 40%, S.V.P. 
of water at 27°C is 26-7 mm Hg ; gas constant = 8:3 x 107 erg mol! K~! ; density of mercury = 13:6 
g/c.c. Molecular weight of water = 18 and g = 980 cm/s. [H. S. 2002] 

Solution : Volume of the room = 500 x 500 x 400 = 108 c.c. and temperature = 300K 

The vapour pressure corresponding to 90% R. H. = 26-7 x 0-9 = 24-03 mm Hg and the vapour pressure 
corresponding to 40% R. H. = 26-7 x 0-4 = 10-68 mm Hg x 

-. Decrease of vapour pressure = 13-35 mm Hg. It is due to condensation of some water vapour. 

Volume of the condensed water vapour at NTP is obtained from 
Foo _ PV MEN d. 
To T: T B 
..13-35x108 | 273 


xe ei s 15; p 
Vo 300 X60 15:9 x10? c.c. 


37 (ezer) 


Vo 
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j POR PM 76x18 
If the density be P -=p 5 P= =M = 8045x104 
: pT M RT 8.3x10 x273 


Mass of the condensed water vapour = yop =15-9x10° x8-045x 107^ =1280 gm 


Ex. 7.3 : On a day the temperature of a room is 18:5°C and dew point 12°C S. V.P. corresponding 
to the temperatures 18°C, 19°C and 12°C are respectively 15-46 mm, 15:86 mm and 10-46 mm. 
Calculate relative humidity of air on that day. [ H. S. 1996 ] 


Solution: R. H. = £x 100% 


Here f = S. V. P. at dew point = 10-46 mm Hg 
For the change of temperature of (19 — 18) = 1°C change of S. V.P. = 15:86 — 15-46'= 0.4 mm 
For 0-5°C change of temperature change of S.V.P. = 0-2 mm Hg x 
S. V. P. at 18-5°C, F = 15-46 + 0-2 = 15:66 mm 
15-06 X100 = 66-79% 
Ex. 7.4: At 20°C relative humidity of a closed room is 50%. If the temperature of the room rises 
to 25°C, what will be the R. H. ? Given, S. V. P. at 20°C and 25°C are 17-4 mm and 23:6 mm Hg. 


R.H.- 


Solution : Vapour pressure at 20°C, p, 217:4x0.5- 8.7 mm Hg 
Let vapour pressure at 25°C be p». As unsaturated vapour oboys pressure law we write 


p T PT 87x29 , 

3, IJ M P = i 23 =8-85 mm Hg 
«c2 8:85 x 100= 8:85 109 — 37. 

R.H.at 29C- 577x100 7575x100 = 37-5% 


Ex. 7.5 : On a day the temperature is 20°C and relative humidity 60%. If the temperature 
decreases to 5°C how much water vapour will condense ? SVP at 20°C and at 5° C are respectively 
17:5 mm and 6:5 mm Hg. [ J. E. E.] 

Solution : Actual vapour pressure at 20°C, p = 0-6 x 17-5 = 10-5 mm Hg. 

Mass of water vapour present in air is proportional to pressure. 

mass of water vapour in a certain volume of air.- 105 K [ K = constant] 
But mass of water vapour in the same volume of air at 5°C = 6-5K. 
This is due to condensation of same water vapour 

Mass of water vapour condensed = 10:5 K — 6:5 K = (4K) gm. 


4K 


fraction of water vapour condensed =79.5K ^ 0-381. 


Ex. 7.6: A flask is completely filled with 1g of saturated steam at 100°C. How much water will 
condense into water if the temperature of the flask is reduced to 25°C. [Aqueous tension at 25°C = 
30 mm Hg] [ J. E. E. '81] 

Solution : Mass of water vapour present in a fixed volume of air is proportional to the pressure of air 


30 3 
°C = ==> 
Mass of water vapour at 25°C 7765 xl-3cgm 


21.73 
Mass of water vapour condensed = 1-36 DTI 0-96g 
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Ex. 7.7 : At 20°C, relative humidity is 52%. What is the value of dew point ? Given, S. V. P. at 
20°C, 10°C and 9°C are 17-5 mm, 9:2 mm and 8:6 mm respectively. 

Solution ,: Pressure of aqueous vapour at 20°C = 0-52 x 17-5 = 9-1 mm Hg 

So, the temperature at which S. V. P. be 9:1 mm, that will be the dew point. t 

For a temperature change of (10? — 9°) = 1°C, change S. V. P. = 9-2 — 8-6 = 0-6 mm. 


1 
S. V. P. changes by 0:1 mm when temperature changes by ge 
Dew point = 10°C -4°C = 92°C 

Ex. 7.8 : The temperature of a closed space is 15°C and dew point 8°C, When the temperature 
reduces to 10°C what will be change of dew point ? S. V. P. at 7°C is 7-49 mm and at 8°C it is 8:02 
mm Hg E [J. E. E. 1997 ] 

Solution : There will be no change in dew point . Reason : Dew point is a temperature at which 
certain volume of air becomes saturated with water vapour present in it. Here temperature is lowered but 
amount of moisture in the space remain unchanged. Hence the dew point will remain fixed at 8°C. 

Ex. 7.9 : Measurement of a room is 40m x 20m x 6m. At 20°C how much water has to be 
vaporised to increase the relative humidity from 10% to 60% ? Density of water vapour at 20°C is 
17:3 x 1075 g/c.c. 

Solution : From the definition of relative humidity we know : 


Mass of water vapour present in certain volume of air at °C 


R.H.= - : 
Mass of water vapour required to saturate the air at /^C 


Density of water vapour at t° C 1 RT 
~ Density of saturated water vapour at °C _ P2 


P; =P2 XR.H. pP, = density of saturated vapour at 20°C = 17-3 x 10% g/c.c. 


density of water vapour at 20°C when R: H. is 10% =17-3x10~° x= 17:3x1077 g/ c.c. 


and density of water vapour at 20°C when R. H. is 60%. 
pj, = 6x 17:3 x 10-7 = 1038 x 107 g / c.c. 
So, due to vaporisation of water increase of density of water vapour 
=(103-8-17:3) x 1077 —86-5x1077 g/ c.c. 
Now, the volume of the room = 40 x 20 x 6 = 4800 x 10° m? = 48x 105 m? 
Mass of vaporised water = 48 x'10® x 86-5x 1077 = 41520 g=41-52kg 
Ex. 7.10 : A vessel containing water is placed inside a dry closed room at 17°C. S. V. P. is 15 mm 
Hg. How much water has to be vaporised so that water will be in equilibrium with its vapour ? 
Assume, water vapour obeys gas laws. 


R = 831 x 107 erg mol! K- [LLT] 
Solution : We consider the gas law; PV — RT 
Here m is the mass of required water vapour to m=? : 
saturate the air in the closed room. l 
P = 15 mm Hg = 1-5 x 13-6 x 980 dyne/m? 
-PVM z XA 


DUE V — 76 x 106 c.c. 


m = E5X13-6x980x76x105 x18 Re hb 
8-31x 107 x 290 eae 


= 1135 gm = 1-135 kg T= 273° K 
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Ex. 7.11 : A closed room having measurement 5m x 5m x 5m is filled with moist air at 27°C, 
How much water vapour must condense so that R. H. of the room decrease from 90% to 40%. 
(S.V.P. at 27°C = 26-7 mm Hg and R = 8:31 x 107 ergs/ mol/K. 


Solution : If m be the mass of water vapour required to saturate the air in the closed room then by gas 


law 
PV= M RT, : P = 2-67 x 13:6 x 980 dynes/m? 
S V = 125 x 106 c.c. 
m= RT M=18 
R = 831 x 107 ergs mol"! K- 


NEGLI: 13:6x980) x 125x109 x 18 
8-31x107 x300 : 
When the relative humidity is 90%, mass of water vapour present the room, m, = 0:9x 3215 — 2893.5g 
Also, when the value of R. H. is 40%, the mass of water vapour in the room is 
m, = 0-4X3215 = 1286 g 
So, the mass of water that has to be condensed to water —2893-5— 1286 = 1607-5g = 1:6075 kg 


Ex. 7.12: When a barometer reads 753-6 mm and dew point 16:1*C then what will be the mass 
of 1 litre air when the air temperature =.27°C. Given SVP at 16°1°C = 13:6 mm Hg. Density of air 
at NTP is 1-293 Kg m^? and density of water vapour at N. T. P. = 0:808 Kg m’, [I ET 

Solution : Partial pressure of water vapour in wet air = 13-6 mm Hg : 

Partial pressure of dry air = 753-6 — 13-6 = 740 mm Hg. Volume of water vapour at N, T. P. in 
1 litre of dry air at 27°C is given by 


= 3215 gm T = 300K. 


W730 300. 4 V=16-28c.c. 


Mass of water vapour in 1 litre moist air. = 16-28x0-808x107? = 0-013 g 
Also, volume of dry air at N. T. P. is 
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Mass of air, m =886-05x1-293x10 —1:1457 g 


Total mass of 1 litre of moist air = 0:013 + 1-1457 = 1-159 gm 
Ex. 7.13 : Air at 30° C and 90% relative humidity is drawn into an air conditioning unit and 
cooled to 20°C, the relative humidity being reduced to 50%. How many gm of water vapour must 
be removed by the air conditioner from 1 m? air ? Neglect change in volume of air. ( Given, density 
of saturated vapour in air at 30°C is 30 g/m? and at 20°C 17 g/m ? [J. E. E.] 
mass of water vapour in a certain volume of air at Pc 


S 7 H " a = dt pO 
olution We See ee mass of saturated water vapour in the same vol air at °C 


0:9= mass of water vapour in 1 m? air at 30°C 
mass of saturated water vapour in 1 m) air at 30°C 
. mass of water vapour in 1 m? air at 30°C 
F 30 : 
Mass of water vapour in 1 m? air at 30°C = 27 gm. 
Similarly, mass of water vapour in 1 m? air at 20° when R. H. is 50% = 05 x 17 2 85 g. 


Mass of water vapour removed = 27 - 85 = 18.5 gm 
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Ex. 7.14 : A horizontal cylinder closed at one end is fitted with air-tight frictionless moveable 
piston. The enclosed volume contains air and a few drop of water. Find the pressure inside if the 
piston is slowly withdrawn to double the enclosed volume ; Assume that few drops of water are still 
left in the cylinder. Neglect the volume occupied by water drops. Room temperature is 30^C and 
pressure is 76 cm Hg. SVP at 30°C is 31-83 mm Hg. [ L IL T. 780] 

Solution : Evidently the volume of air enclosed by the cylinder is always saturated with water vapour. 
Here the change of volume takes place slowly. So the process is isothermal. 

Initial pressure of dry air 76 - 3-183 = 72-817 cm Hg. If the initial volume be V, the final volume is 
2V. and if the final pressure of dry air is P cm Hg. Then by Boyle’s law 

2VP-VP-72.817xV .. P=30:41cm Hg 
So, .the final pressure inside the cylinder = 30:41 + 3:183 = 33:593 cm Hg 


* SHORT ANSWER TYPE QUESTIONS (With Answers) € 


Q. 1. When does a liquid boil ? 

Ans, A liquid boils when its SVP at a particular temperature be equal to external pressure. 

Q. 2. At what temperature does a liquid boil ? 

Ans : A liquid boils at a temperature when the S. V. P. of the liquid be Be to the suber in cumbent 
pressure. í 

Q. 3. What is a saturated vapour ? [H. S. 2003] 

Ans: When a certain, volume of air contains maximum amount of water vapour at a particular 
temperature then the vapour is called saturated vapour. 

Actually when a vapour is in contact with its liquid, then it is saturated. 


Q. 4. Under what condition will the room temperature be equal to the dew point therein ? 
[H. S. 1998] 
Ans : If the air is saturated with water vapour actually present in it at room temperature then the dew 
point will be equal to the room temperature. 
Q. 5. The temperature of a closed is raised. What will be its effect on dew point and relative 
humidity? [H. S. "96, J. E. E. ’99] 
Ans: Dew point will not change and relative humidity will decrease. 
Explanation : In this case moisture content of air does not change. So, the temperature at which air 
inside the room will be saturated by the water vapour present in it will not change. 
But due to rise of temperature, the air of the room require more water vapour for its saturation. Now 
R. H. is the ratio between the mass of water vapour actually present to the mass of vapour required to 
saturation at room temperature. So, the relative humidity will decrease. 
Q. 6. Some water vapour is injected into a closed room. What will be the change in dew point 
and relative humidity ? 
"Ans: Both of dew and relative humidity will increase. 
Explanation : In this case amount of water vapour will increase in air. So the air in the closed 
room will now be saturated by the water vapour at a high temperature. So the dew point increases. 
R. H. also increases because amount of water vapour is now higher. 
Q. 7. Can the dew point be less than 0°C ? $ 
Ans : Yes, dew point can be less than 0°C. We know that S: V. P. at 0°C is 4-6 mm Hg. If moisture 
content of air is less than this amount, vapour pressure will be of smaller than 4-6 mm Hg. Under this 
situation, the air will not be saturated by its water vapour even at 0°C. So dew point will be less than 0°C. 
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Q: 8. Two rooms are at temperature 25°C. R. H. of one room is 25% and that of the other is 65%. 
Which room will appear to be warmed ? Explain. 

Ans : The room in which R. H. of the air is 65% will appear warmer. 

Reason : The temperature of 25°C is less than our normal body temperature. The room having R. H. 
65% contains more water vapour than the other room having R. H. 25%. So, in the first room the rate of 
evaporation will be slower. 4 

Q. 9. When dew point be equal to room temperature ? 4 [H. S. *98] 

Ans: We know that dew point is a temperature at which certain volume of air becomes saturated with 
water vapour present in it, So, if the air of the room be saturated with water vapour at room temperature 
then dew point will be equal to room temperature. 

Q. 10. Ammonia gas can be liquified by applying pressure at room temperature but oxygen gas 
cannot be liquified by pressure at the same temperature. Explain. . EJ. E. EJ 

Ans: The gaseous substance whose temperature is below its critical temperature, is a vapour and can 
be liquified by applying pressure on it. But when it is above its critical temperature, it a gas and can not 
be liquified by applying pressure on it. 

Now, for ammonia, critical temperature is 132°C which is much above room temperature. So at room 
temperature; ammonia is vapour and it can be liquified by applying pressure on it. 

On the other hand, critical temperature of oxygen is -119?C which is much below room temperature. 
So, at room temperature oxygen is a gas and cannot be liquified by applying pressure on it. 

Q. 11. Explain why S. V. P. of a liquid becomes equal to super incumbent pressure at the boiling point 
of the liquid. 

Ans : When a liquid is heated bubbles of vapour is formed inside the liquid. Pressure inside the 
bubble is equal to S. V. P. of the liquid (P) at that temperature. But the external pressure is Py . 

When P « Po, the bubbles cannot come out of the liquid. As the temperature of the bubble is increased, 
pressure of the vapour P gradually increases. Ultimately at a particular temperature, when P = Po, the 
pressure inside and outside increases. Due to upthrust of the liquid, bubbles now comes to the surface of 
the liquid and escapes which means that boiling has started. Hence the condition of boiling is that S. V. P. 
of the liquid be equal to superincumbent pressure. 


A. Short answer type questions : 


1. What is saturated vapour ? Compare between saturated and unsaturated vapours ? - [H. S. 2003] 
2. What is the difference between gas and vapour ? 
3. Define ‘Dew point’ and ‘Relative humidity’. [H. S. 1998] 
4. Under what condition, will the room temperature be equal to the dew point therein ? [H. S. 1998] 
5. Define relative humidity. What do you mean by the statement that the dew point of the atmosphere is 15°C ? 
; [H. S. 2002] 
6. At the boiling point of a liquid why is its saturated vapour pressure equal to the super incumbent pressure ? 
[H. S. 2002] 
7. Under what condition dew point is equal to room temperature ? : [H. S. 1999] 


8. If dew point be equal to room temperature what is R. H. on that day ? 
9. Can dew point be less than 0°C ? 
10. Ammonia gas can be liquified by applying pressure at room temperature. But oxygen can not liquified ? Explain. 
11. What effect will be produced on (i) the dew point (ii) the relative humidity, when temperature of the room is 
increased ? 
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12. What effect will be produced on (i) the dew point and (ii) relative humidity, when water is sprinkled into a 


“closed room ? 
13. Critical temperature of water is 31°C. At 25°C will it be called vapour or gas ? [ J. E. E. 97 ] 
14.. Draw a graph showing to variation of S, V.P. of water with temperature ? [ J. E. E. '97 ] 


15, The boiling point of alcohol is 78°C. What will be the value of S, V.P. at this temperature ? [ J. E. E. 1985 ] 
16. What is the saturated vapour pressure of water at 100°C ? 
17. Dew is formed at night more on the blades of grasses than on the leaves of trees, Explain. 


B. Essay type questions : 
1.(a) What do you mean by saturated and unsaturated vapour pressure ? 
(b) What is the effect of critical temperature on the behaviour of a gaseous substance due to change of pressure? 
2.(a) Plot the variation of S. V. P. of water as a function of temperature. 
(b) On a certain day dew point is 10°C and R. H. is 90%, Explain. 
3. What is a hygrometer ? What does it determine ? 
Describe the construction and explain the action of Regnault livaragelsr ? 


. C. Simple numerical problems : 
1. On a day air temperature is 22°C and relative humidity 100% what is the dew point on that day ? 


[ Ans. 22°C ] 
2. The air temperature is 30°C and relative humidity 90%. Calculate the actual vapour pressure of air. Given, at 
30*C S,VP. is 31-8 mm Hg. [ Ans : 28.62 mm Hg ] 
3. On a certain day air temperature is 16°C and dew point 12°C. Given, S. V.P. at 12°C and 16°C are respectively 
10-61 mm and 13-62 mm Hg. Calculate relative humidity on that day, T [Ans, 77.996] 
4. The temperature of air on a day is 31°C and dew point 15°C. At 15°C S.V.P. is 14-3 mm, Calculate actual 
vapour pressure on that day. [Ans. 14.3 mm] 
5, Air temperature is 16°C and dew point 7-6°C. S. V.P. at these two temperatures are 13-5 mm and 7-8 mm Hg. 
Calculate relative humidity on the day. [ Ans. 57-78% ]  [ H. S. 1992] 


6. Air temperature is 23°C and relative humidity 60%. If the temperature is reduced to 10°C, what fracton of water 
vapour from air will condense ? Given, saturated vapour pressures at 23°C and 10°C are 21-1 mm and 9-2 mm 


Hg. respectively. [Ans.0273]  [J. E. E. 1998 ] 
7. On a day air temperature 13°C and relative humidity is 6096. Calculate dew point on the day. Given, boiling 
points of water at the pressures 7 mm, 9 mm and 11 mm Hg are 6°C, 10°C and 13°C, [ Ans, 74*C ] 


8. Air temperature is 26-6"C and dew point is 9-5*C. Aqueous tensions at 9°C, 10°C, 26°C and 27°C are 8-6 mm, 
- 92 mm, 25:2 mm and 26-7 mm Hg respectively. Calculate relative humidity on the day. 

[Ans.34.19]  [H.S. 1989] 

9. On a certain day air temperature and dew point are 18-5°C and 12°C respectively. Saturated vapour pressures at 

18°C, 19°C and 12°C are 15:46 mm, 15:86 mm and 10-46 respectively. Calculate relative humidity on that day 

[Ans. 66.8%]  [ H. S. 1996 ] 

10. Whiti the atmospheric pressure is 723 mm Hg, the boiling point of water is 98-5°C. What will be the value of 

saturated vapour pressure at 100:5°C ? [ Ans. 772.33 mm Hg ] 

11. A gas is collected above water at 20°C. The pressure of the gas is 75-5 cm Hg and volume 100°C. What will be 

the volume of the gas at N, T. P ? Assume, S. V.P. at 20°C = 17-5 mm Hg. [ Ans. 90-42 c.c. ] 

12. The relative humidity of a closed room is 50% at 20°C. If the temperature of the room be 25°C; what will be the 

value of relative humidity ? S. V.P. at 20°C is 17-4 mm and at 25°C it is 23-6 mm Hg. [ Ans. 37:5% ] 

13. The air temperature is 20°C and relative humidity 60%. If the temperature is to 5°C, what fraction of 

water vapour will condense ? Saturated vapour pressures at 20°C and 5°C are respectively 17-5 mm and 6-5 mm 

Hg. > [Ans. 0-381] [J. E. E.) 

14. At a certain place, partial pressure of water vapour is 1300 Pa and air temperature 15°C. Calculate relative 

' humidity at the place ? S.V. P, at 15°C = 1690 Pa. [Ans. 76:92 % ] 

I5. At room temperature 100 litre of air carries 1-6 g water vapour. To saturate this air at the same temperature, it 

requires 4-Og of water vapour. Calculate relative humidity ‘of air. [ Ans. 40% } 


16. 

(i) 

(ii) 
(iii) 


17. 


18. 


19. 
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A vessel contains dry air at a temperature of 27°C and pressure 500 mm Hg. Some amount of water is added in 
the room which just saturates the air in the vessel at the same temperature, 
If S.V.P. at 27°C be 27 mm of Hg, what is the pressure of moist air in his vessel ? 
If the volume be made double what will be the pressure ? 
If the volume be made half, what will be the pressure ? 

[ Ans. (i) 527 mm Hg ; (ii) 263.5 mm Hg ; (iii) 1027 mm Hg) 
The temperature of air in a closed vessel is 23*C and relative humidity of 5096. If the temperature is lowered to 
10°C, what fraction of water vapour will condense ? S. V.P. at 10°C = 9-2 mm and that at 23°C is 2-1 mm Hg. 

[ Ans, 0:128 ] 

The temperature of atmosphere is 27°C and the dew point is 18°C. If the temperature falls 22°C, what will be 
the new dew point ? The saturated vapour pressure at 18°C = 15-46 mm of Hg. at 22°C = 20:88 mm and at 
17°C = 14-78 mm Hg. [Ans. 17.62*C] 
A mass of air is saturated with water vapour at 100°C. On raising the temperature to 200°C, without change of 
volume, the mixture exerts a pressure of 2 x 10° Pa. What was the pressure of air alone in the initial condition? 
[S. V.P. at 100°C = 105N] [ Ans. 1:54 x 10° Pa ] 


. Harder numerical problems : 
. 500 c.c. of hydrogen at 17°C and at a pressure of 74 cm Hg is collected in a gas jar by downward Pan 


of water. The water level in the gas jar is 3-4 cm above the water level in the outside vessel. What will be the 
volume of the gas at N, T. P. ? ( Given density of mercury = 13-68 g/c.c., S. V.P. at 17°C = 14-4 mm Hg ) 


[Ans. 434-4 c.c. l 
[ Hints : Pressure of hydrogen and water vapour =n- gran 75cm 
Pressure of dry hydrogen =73-75-1:44 « 72:31 em. * 
v o Pide, BARD iae] r 


T P 29x76 


. Air at 30°C and 90% humidity is drawn into an air-conditioning unit and cooled to 20°C, the relative humidity 


being reduced to 50%. How many gram of water vapour must be removed by the air-conditioner from 1 m? air 
? Neglect change in volume of air, Given, density of saturated water vapour in air at 30°C is 30g/m? and at 
20°C is 17g/m?. [Ans 18:5 g) TJ. E. E. 1972] 


. The measurement of a closed room is 5m x 5m x 4m. and its temperature is 27°C. If the relative humidity of air 


is reduced from 40% to 50%, what volume of water vapour will condense into water, S. V.P. at 27°C = 26-7 mm 
of Hg. [ Ans, 1-59 x 105 c.c.) 
In a jar there is some gas along with few drops of water at T K. The pressure of the jar is 830 mm of mercury. 
The temperature of the jar is reduced by 1% ; S.V.P. at the two temperatures being 30 mm and 25 mm of 
mercury respectively, find the new pressure of the jar. [ Ans. 817 mm Hg ] 
When 1 m? moist air at 24°C is passed through a U-tube containing dry calcium chloride, the weight of the U- 
tube rises by 11-2 g. Calculate relative humidity of air. Given aqueous tension at 24°C = 222 mm Hg. 

{Ans, 51.9196] 
300 gm of water are evaporated in a room containing 60 m? dry air at 27°C and 76 cm Hg pressure, What will 
be the relative humidity of air in the room ? Given, S, V.P. at 27°C = 30-8 mm Hg. [ Ans. 16:9% ] 


[ Hints : Actual F water iin the room is pwMkT , 300x8 31x10 x 300 vnc? 
nts: Actual pressure o vapou: MV MTS 


= 519 mm Hg ] 
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TOPICS : Definition of some terms used in Thermodynamics; Internal energy of a system; 
Heat & Work; Work done by a gas during expansion against a constant pressure; Work done 
by a gas under varying pressure; Work done in a cyclic process; First law of Thermodynamics; 
Significance of the first law of Thermodynamics; Specific heats of gases; C, is greater than 
C, Difference between the two specific heats; Importance of the ratio of two specific heats of 
a gas; Thermodynamic process; Slopes of isothermals and adiabatics; Reversible and Irreversible 
process; Inadequacy of the first law; Second law of Thermodynamics; Significance of the 
law; Difference between the first law and second law of thermodynamics; Examples. 


8.1. Introduction : 


Thermodynamics is a branch of Physics which deals with the relation between heat and mechanical 
energy. It is primarily concerned with the transformation of heat into mechanical work and vice versa. 
Thermodynamics deal with only experimentally observables such as temperature, pressure, volume etc. 
and take no account of the structure of system. For this reason thermodynamical methods are specially 
useful when finer details of the structure of the system are lacking. The principles of thermodynamics are 
very general and exact and have been successfully applied not only to problems in Physics and engineering 
but also to those in chemistry, such as chemical reaction, chemical equilibria, elctrochemistry etc. 

‘There are two ways of studying the bahaviour of a system. One is microscopic behaviour which deal 
with the study of atoms and molecules of the substance, constituting the system. The second way is to 
study the macroscopic behaviour where we study the average behaviour of extremely large number of 
atoms and molecules constituting the system. 

Temperature, pressure, volume, internal energy etc. with which thermodynamics deals, actually describe 
the macroscopic behaviour of large number of atoms or molecules of the system. We speak of temperature 
or pressure of a gas rather than the temperature and pressure of a single atom or molecule. So, 
thermodynamics is concerned with macroscopic behaviour rather than microscopic behaviour of the 
system. 

Evidently, thermodynamics deals with gross ( or macro) characteristics of the system, taking no account 
of the atomic constitution of matter, It is indeed remarkable that highly accurate results can be obtained 
with the help of a few laws of thermodynamics. 

Thermodynamics is based on two general laws of nature which governs the conversion of heat into 
work and vice versa. The first law represents the relation between heat and mechanical work while the 
second law defines the manner in which the energy changes take place. 


8.2. Definition of some terms used in Thermodynamics : 


(i) Thermodynamics system : A definite quantity of matter bounded by some closed surface is known 
as system. The boundaries of a system may be real and imaginary and through which matter does not 
pass. But the existence of the boundaries of the system is essential in order to visualise the system from 
the rest of the universe. A system may contain one or more kinds of matter and may be homogeneous or 
hetrogeneous. 


Example : (i) water in a beaker is a thermodynamic system. (ii) A quantity of gas or gas mixture and 
a mixture of water and water vapour contained in a cylinder is such a system. 

(ii) Surroundings : Everything outside the system which has a direct effect on the system is called 
surroundings. 
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Consider a cylinder containing a gas and fitted with a frictionless piston, Here the gas is the 
thermodynamic system. The atmospheric air surrounding the cylinder forms the surroundings. The 
moveable piston is also a part of the surroundings because it has a direct effect on the gas. 

A system is said to be closed when it can exchange only energy and not matter with the surroundings 
are called isolated systems. Systems which can exchange both matter and energy with the surroundings 
are known as open systems 

A system is said to be isolated when it can exchange neither energy nor matter with its surroundings. 

(iii) Thermodynamic variables or parameters : The state of a system is determined by the quantities— 
volume (V), pressure (P), temperature (T), internal energy (U) etc. These quantities are known as 
thermodynamic variables, parameters or co-ordinates. 

Any change in one of the variables causes a change in thermodynamic state of a system. 

(iv) Thermodynamic state of a system : The state of a system is its condition or position determined 
by the thermodynamics co-ordinates. For example, the thermodynamic state of a gaseous system can be i 
determined by its pressure, volume and temperature. Of these three quantities any two are variables, the 
third is automatically fixed. If we consider a mass of a certain gas in a vessel and fix its pressure and 
temperature at some predetermined values, the value of volume at equilibrium is fixed. So, volume is the 
function of temperature and pressure so that only two out of three are independent. 

(v) Intensive property : The property that does not depend on the extent of the system is called 
intensive property of the system. For example, pressure and temperature. 

(vi) Extensive property : The property that depends on the extent of the system is called extensive 
property of the system. For example, volume, internal energy and mass. 

(vii) Thermodynamic process : When a system undergoes a change of state, a thermodynamic process 
said to take place. When the water in a beaker is heated, pressure and volume practically remains unchanged, 
but temperature of water increases gradually. It means that thermodynamic process has occurred in the 
system. 

A process is named after he fundamental property that remains constant in the process. For example, 
in isothermal process temperature remains constant. In isochoric process volume is constant, isobaric 
process is the process that occurs at constant pressure. Adiabatic process is the process of constant heat. 

(viii) Thermodynamic equilibrium : If an isolated system is left to itself, the pressure and temperature 
at a point approach to a steady value. When these quantities attains a steady value, the system is said to be 
in a state thermodynamic equilibrium. In such a system, the values of thermodynamic co-ordinates 
(temperature, pressure, volume) are same at all points. 

(ix) The Zeroth law : See Art. 1.2. 

(x) Equation of state : For a homogeneous system, it is usually enough to specify only three 
parameters, namely, pressure, volume and temperature. The mathematical relationship between these 
parameters is known as the equation of state of the system. In the case of an ideal gas, the equation of 
state is PV = RT for one mole and PV = nRT for n mole. A 

Where P, V and T are respectively pressure, volume and temperature of the gas and R is the universal 
gas constant. In such a case, only two parameters are specified, the third is automatically fixed, Evidently, 
the thermodynamic state of a simple homogeneous system is described by specifying any two of the three 
parameters, 


8.3. Internal energy of a system : 

A matter consists of large number of minute particles called molecules which are in a state of constant 
repid motion. Hence they possess kinetic energy. The total kinetic energy of the molecules of the system 
is called the internal kinetic energy while the potential energy arising due to intermolecular attraction 1s 
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called the internal potential cmergy The som of ur inet amd potemibal emerges of ali the molecules of 
a system is called its internal energy and visally denoted by U 

Definition The sum cf the hinsti amd potential energies of the constituent particle (molecules) 
of a system in thermedy mami equilibrium ia called its internal emergy. 

li à torent within due mater. Internal energy imcheles strma energy stored in a deforming elastic body 
and leased whee ueloadjed, preusens energy von ja è gas and released whee pressure is reduced. 
chems al coergy hah cas be released ia a chemical reaction ote Temperature rise increases the internal 
energy 

A oce d'y maim system ia a given state haa one and only one value of internal energy Hence internal 
energy s o c eim Coo iem a edm nl 
synem whos equilibrium state can be defined in termi of amy two of the 
mnan DAVEE I wih made e, one drehen ter AD 
Tos V amd T. In the case of perfect gan, however, internal energy is a function of temperature alone. 

A dévcumbon | Heat is s form of esergy So, when heat i given to a body its internal energy increases 
Whee work i dome on à body, internal emengy of the body alvo increas Dvidentdy, we can increase the 
internal emengy of à bady ia (wo way 

(i) By supplying beet | Whee beat ix given to a body (say, gan). kinetic energy of ite molucules 
imcemanen. As a revolt, the temperature of the body increane and change of state lakes place latornal 
energy of du body incita. d 

(01) By performing work | Whee work i does on a body, i internal energy incnaves. Por example 
some vorm. gas is cmclound in a cylinder fitted with pintos Whee a foror i applied on the pistoa, gas is 
compressed amd i volume decreases Work dome om the gat is sored ia i pa the form of internal energy 
asl Versus aure oí thee gan ren 

Mace heat wepptied to à gus or work dome os the gan have the same effect. 

RA Heat and Work ; 


WN ay deles bes as enmqy in anil, b doeh to nated do cnim bamaly ip Sy 
V tot called beat. ia simply called ininrmal emergy The wem "heat i feeerved for that energy which 
firea fromm à be buafy to à coll testy dus to difference of thew Mmquratunss. 

When teo beaters ot different toenperuturen are haga ia omit with each ode, the two temperatures 
agus eai er amd after comets: becomes equal. Heme 

The emergs that Mews from one body to omother dus to the difference in their temperatures bt 
karen an hesi emerge, 

M o spoten lowes energy by working apeintt external mnchenical force, i n tend to do work. Thur 
work a Oe taneler of ong) erbosi a temperature 
fene stake heat n a rameter of emergy dut to 
wapres difleremcs only 

le Geermentyesmack “work is defined as energy 
oe Vae) ted by verter of imperatore difleremce but 
Mey votar of change of state or confipurstion. 

© Kaivalemen of beat and work: When two 
péyucel quantitas prodecs the same effect im à 
piem. Ary we napposed 1o Pw agana to en 
dux. Let 14 of water at 14-3"C in placed in contact 
vh a ex plato [Fig Fia) Émongy hows from hx 


TROUT RAMOS a 


Plate Wo water dor to temperature difference This energy on wama a cad beat. The Lj 
that flows when temperare of water rives by 1C i called | caben. ew 
Next the hot plate ts removed aad o pale wheel is dipped ia water in du beaker (Pig ARII The 
Wirel is rotated with the help of a falling weight Mere * wort flow’ ( mot bout flow ) will take Mas Dum 
the weight to the water Rise of temperetare of water will be observed Heme hesi Aow’ and wert em 
Produce same effect. Honce we can tay that heat and work and equivaless to each oder Dia leoni Ous 


water in the beaker is heated through 1°C when the falling weight performs 42 joule work, So I abor 
of beat is equivalent to 4.2 Joule of work 


8.5. Work done by a gas during expansion against à constant pressure 1 

When a gas expands it does work on the surroundings Let a cortas amovit of gas it emdosed ia è 
Gylinder fitted with à moveable piston [Fig 82). The pistos is at the 
initial position B At this position pressures om both uder of the pistos 
dn same. If P be the pressum of the gas and ares of cross section of the 
piston be A. Then the force applied by the gas on the pistoa, P= PA 

Now, if heat is supplied to the gar at constant pressum the gu 
p the piston outwards, Let the piston comes to the position D. if 
- BD = x, then the work done by the gas is 
WPA = PAL =P (Vy Vs isses (4) 


Here A.s V, — V, ^ incneave in volume. If the change ie 
volume be amall, work dome i» represented 
AweP aw. E TET PT 
The work done hy the expanding pa can aho be represent 
graphically For this we drae P V graph which re a virangf lone 
WEN vy Cig 53) P-V graph of a substance is alio called lente 
* (t v9 " 


xbb—-—-.-—.- 


The work dose by the expanding gui from volume V, V, 
is W e P(V, =V). It ia alvo equal to the arva of the rectangle. € 
BD V,V, Hence the work dose by à gas i equal o the vm 

Weder the graph and volume aris 
m Work done by a gas under varying pressure | 
u When a gas expands against a pressure, work is dome by the ges 
the pressure is variable (P-V) diagram for the gat ii shown in fig 
| Initial state of the gas is represented try R and after expansion final 
“Mile i denoted by Q. Work done by the gas, W = ares RO V,V, 
calculate the area we consider a mall area abf (shaded). in waid 
v dN donctes small change in volume and its height ab = P. prowware 
08 the pas which assumed to be comtant. So, the work dose by the pn 
(Mert ema increase in vom AV ender a coma pru « NV 
‘Hence the total work done for change of volume from V, V, ii 


Y, 
Ad LM dii eonddibupe Bi 


^ 


k 
34 
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When the volume increases, work is done by the gas. It is also called positive work. On the other 
hand when the gas contracts ; work is done on the gas, it is called negative work. 


8.7. Work done in a cyclic process : 

When a system ( a gas or any working substance) after passing through different states return to the 
original state it is said to have gone through a cyclic process. In this 
type of process the indicator diagram or (P - V) diagram is shown 
in fig 8-5. 

In the cyclic process the work done by the system is numerically 
equal to the area enclosed by the curve. So, in this case work done 
is W = area ACBDA. 

Proof : The work done by the gas along the forward path ACB 
is, W„p = area ACBEFA (+ve work) 

The work done along the return path BDA is W,, = — area 
BEFADB (- ve work) Hence the network done by the gas is 

TOL W =W., + W,, = area ACBEFA ~ area BEFADA. 
Fig : 8.5 ab ba 
= area ACBDA. 

It must be mentioned that in the cyclic process, no change of 
internal energy of the gas takes place. So, AU = 0 as the gas returns 
to its initial state. 

Example 8.1 : In fig 8:6, (P-V) diagram for a gas is shown in 
fig. Here pressure is measured in Pa and volume in m3, What is 
the work done by the gas. 1 

Solution : The work is done at constant pressure The 
measurement of work done is W = area ABCD 

W=ABx AD = 3 x 2 = 6J. Fig: 86 

Ex. 8.2: In the cyclic process shown in fig 8-7 (P-V) graph is | 
the triangle ABC. The co-ordinates of the point A, B and C 
are respectively (4, 1), (2, 4) and (2, 1). Pressure in N/m? and 
volume in litre. Calculate the work done in the following cases : 
(i) For the expansion along AB. (ii) For the contraction along 
BC and (iii) For the path CA. (iv) Total work done in the 
cyclic process ABC 


D 


o 
Q 
iJ 


——» "S 


[o] 
ib. recu 
m 


w 
AEE cai Cy 


b 


Solution : (i) Work done by the gas for the expansion from A 
to B is 


3 
wane” Wap = Ara ABDEA = BC x AC+DE x EC 


Here BC = 2:5 x 102 m3, AC = 2 Nm, DE = 25 x 10? m3, EC = 2N / m? 
Wap 7225x102 x242-5%10™ x2 
=7°5 x 103 J 
(ii) Work done on the gas for the process BC is 
Wye = -area BDEC = - DE x EC - -3 x10? x2 =-6x107> J 


THERMODYNAMICS 631 


(iii) During the process CA no work is done as it does not enclose any area. 
(iv) Total work done in the cyclic process = (7-5 — 6)x10? = 1:5 x 103 J 


8.8. First law of Thermodynamics : 


Rumford, Joule and others from their experimental investigation confirmed that at the expenditure of 
work heat can be produced. Heat is a form energy and it can perform work. It can be converted to other 
forms of energy. The fact that, like mechanical work, heat is a form of energy forms the experimental 
basis of the first law of thérmodynamics. The first law states than, when some work is done, some heat 
is produced and work done is proportional to the heat produced, 

work done (W) œ heat produced (Q) 
W2JQ i EE UE CR RE ER DE arat: (8.4) 

Jis called the mechanical equivalent of heat. It is defined as the work done to produce unit quantity of 
heat. Its value is found to be J = 4:2 J cal“. Obviously, the first law gives the equivalence of heat and 
work. í 

9 General statement of the law : Clausius put the law in a wider sense and showed that the first 
law of thermodynamics is actually the alternative form of principle of conservation of energy. Whenever 
a heat is supplied to a system, a part of it is used to increase the temperature of the system which is 
equivalent to at increase of internal energy of the system and the rest is used to do some external work. 

Let a working substance or system is in state A having internal energy U,. It is now given a heat Q. 
Let the system performs a work W and goes to the state B having internal energy Ug. 

Before change of state total energy of the system = U ATQ 

After change of state total energy of the system — Uy +W 

Now, by conservation of energy principle, U,+Q=U,+W 

Q':Ug —UZ WEE Es c HOS TM (8.5) 

In differential form, AQ=AU+AW ................ (8.6) 


So, heat absorbed by a body is equal o the sum of change of internal and work done. It is the general 
form of the law. 

® Discussion on the equation 8.6 : 

(i) If the process be adiabatic no heat is supplied to the system, So, AQ = 0. 

AU + AW =0 “ AW= -AU 

It means that in an adiabatic process the system does work at the expense of internal energy of the gas. 

(ii) During isothermal process, temperature of the system does not change. So, internal energy also 
remain unchanged. AW = AQ 


(iii) In the case of cyclic process fau =0 [as U is a state function] 


« $ dQ=$ aw +$ auc j aw. 

A In the case of cyclic process, heat supplied is equal to work done. Hence the first law may be 
stated as follows : If heat is supplied to a system which is capable of doing work, then the quantity 
of heat energy absorbed by the system will be equal to the sum of the increase of internal energy of 
the system and external work done by it. 


8.9. Significance of the first law of Thermodynamics : 

The significance of the first law lies in the fact that it establishes a relation between heat and work. 
The law points out that definite amount of work has to be done to get a definite amount of heat and vice 
versa. So to get work, energy has to be spent. Work or heat cannot be obtained from nothing. 
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Example 8.3: An object of mass 5 kg is dropped from a height of 0-5 km. If all energy is 
converted to heat, how much heat in calorie will be obtained ? 


Solution : Here all the initial potential energy will be fully converted into kinetic energy of the object 
just before touching the floor. After impact will the floor, kinetic energy will be converted to heat 
energy, 


Heat produced, Q= E ups 


= 3x9 13300 = 5833-3 cal 


Example 8.4: The temperature of one mol of an ideal gas rises by 75 K when a heat of 2 K cal 
is supplied to it at constant pressure. Calculate work done and change of internal energy of the gas. 
R = 831 J mor! K^. 


f nR nR 
Solution : Change of volume at constant pressure, Vo -V1 = 7. (T4 - T) or, AV= E AT 


work done at constant pressure, W=PAV=nRAT 
In this case, n=1, R=8:31 J mol"! K^!, AT =75K. 
sn W21x8:31x75 =623-25J ~. work done = 623-25 J 
and increase of internal energy, AU = Q-W 
AU — 2000 — 623.25 — 1376:75 J 
Ex. 8.5: An working substance is brought from its initial state A to the final state B following 
the path A CB [Fig 8:8]. Heat absorbed is AQ = 420 J and work done W 2168 J. How much work 
will be done if the path ADB is followed ? P 
Given, heat absorbed in this case 294 J. 
Solution : For the path ACB : Q, = W, +(Ug- UA) 
re Wag ox Q,-W = 420-168 = 252 cal. 
For the path ADB, work done, W, =Q: -(Up -UA) 
W, 2294-252 = 42 J 


[9] 


8.10. Specific heats of gases : Fija 


In general, specific heat of a substance is defined as the heat required to raise the temperature of unit 
mass of the substance by one degree. So, Sp. heat, s= Q/t. Where Q = heat required to raise the temperature 
of unit mass by f°. This definition of specific heat is sufficient for solids and liquids, but not sufficient for 
gases. It is evident from the following discussion. 

Under isothermal expansion, the gas absorbs heat, but its temperature remains constant. So, under 
isothermal condition specific heat is, $ = heat absorbed __ gi. oo 


rise of temperature 0 1 
Again, under adiabatic expansion, no heat 1s supplied to the gas. But there is a change of temperature. 


So, spacific heat under adiabatic expansion is 
, heat absorbed Org! 


2 rise of temperature AT 
So, it is evident that if the pressure and volume is not specified, specific heat of a gas varies from zero 
to infinity. The reason is : when a gas is given a heat its temperature rises and at the same time pressure 
and volume also changes. Rise of temperature of a fixed mass of a gas when a heat given to it depends on 
external condition. If the pressure is kept constant, rise of temperature will be less than the case when 
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volume is kept constant. Because at constant pressure a part of the heat is spent to perform external work 
but at constant volume no external work is done. 

Hence it is customary to define specific heat of a gas by keeping either pressure constant or volume 
constant. Accordingly a gas possesses two specific heats—(i) specific heat at constant volume (c,) and 
(ii) specific heat at constant volume (cp). i 

e Definitions : 

(i) The specific heat at constant volume (c,) is defined as the amount of heat required to raise 
the temperature of a gas by 1°, the volume being kept constant. 

Hence heat required to rise the temperature of m gm of the gas at consant volume by /?C at constant 
volume is Q =m cy t. 

Now, if 1 mole of the gas is considered then the specific heat is called molar specific heat. 

Molar specific heat at constant volume, C, =M c, [ M = molecular mass] 

From the first law of thermodynamics dQ = dU + Pdv 

When volume is kept constant dv =0. s dQ=dU 

If dT be the rise of temperature of unit mass of the gas when as heat dQ is given to it then, 
dQ- c,dT 


c dT=dU < «-(&) -(2) 
aT), XVdt J, 


(ii) The specific heat at constant pressure (Cp) is defined as the amount of heat required to raise the 
temperature of a gas by 1^, the pressure being kept constant. 

Hence, heat required to raise the temperature of m gm of the gas by £C at constant pressure is 
Q2mCp t. Now, if 1 mole of the gas is considered, then the specific heat is called molar specific heat. 


So, the molar specific heat at constant pressure is Cp = M cp. 
in this case dQ = dU +P dV [= dV + 0] 
If dt be the rise of temperature when dQ amount of heat is given to unit mass of the gas at | 


constant pressure then, dQ=cp dT ^ Cp -(2 


© Units : (i) In C.G.S. system unit of c, or c, is cal g^! °C“! and unit of c, or c, ig calo mol 62 
(ii) In SI, unit of C, or C, is J-Kg^! K^! and CP. or CV is J-mol! K^! 
© Relation between the two units: 1J- Kg ! K^ = 4200 cal gc 


8.11. C, is greater than C, : 
From the first law of thermodynamics we know : Q=U,-U; +W 
Heat supplied to the gas = change of internal energy + external work done. f 

(i) If the heat is supplied at constant volume, the gas does not perform any external work. Kinetic 
energy of the gas molecules increases. Hence temperature (also internal energy) and pressure of the gas 
increase. Here all the heat supplied increases the internal energy of the gas. 

Hence Q=U2- Ui 

(ii) On the other hand, if the heat is supplied at constant pressure, the volume of the gas increases and 
also temperature rises. Now, the gas performs some external work. So in this case all the heat supplied 
does not increase the temperature. Here a part of the heat raises the temperature and the rest performs 
external work. So, Q = (U2 Ui) + WwW 

So, we can say that the heat required to raise the temperature of 1g of a gas by 1°C at constant 
pressure is greater than the heat required for the gas for the same purpose at constant volume. Hence Cp 
is greater than Cy. 
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8.12. Difference between the two specific heats : 

We consider one mole of the gas enclosed in a cylinder fitted with a piston. The initial pressure, 
volume and temperature of the gas are P, V and T respectively. 

Now, AQ, heat is supplied to the gas (1 mole) at constant volume so that temperature rises by AT. 
Then, as change in volume is zero, 

AQ; — AUISCJ AT! nns mo Pant qc (i) 

Here C, is the molar specific heat at constant volume. 


Next, assume that AQ, heat has to be supplied to the enclosed gas to raise the temperature by AT at 
constant pressure. If the change in volume be AV then 


AQS AUR AVI DICE .. (il) 
Now, for 1 mole of gas, PV = RT 
at constant pressure, PAV-RAT............. (iii) 


Hence from the equations (ii) and (iii), Cp AT=C, AT+R AT 
CT OR R uS UT RNC; (8.6) 

If R is expressed in work unit, C,-C, =È. 

Also, C P zc) €i [ r= gas constant for unit mass ] 

9 Ratio of the two specific heats of gas. 

The ratio of two specific heats of a gas is donated by y. 


a RESP 
0, 
CONT UR 


Such C,>C,, y is always greater then 1. 
8.13. Importance of the ratio of two specific heats of a gas : 
Cc 
The ratio of the specific heats of a gas at constant pressure and at constant volume ( Y = =) is very 
important in different ways. 3 


(1) From the value of y for a gas we can have an idea of the molecular constitution of a gas, 
(i) The value of y for a monatomic gas : From Kinetic theory we know, the total energyy for one 


mole gas is U = SRT, 


dV 3 
*. Molar. sp heat at constant volume, C, DII and molar sp. heat at constant pressure, 


C, =C,+R=2R 


EH 
^. For monatomic gas he Aue kai 67 
Cy 3p 3 
2 
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(ii) Value of y for diatomic gas : Total kinetic energy of one mole gas is U Ser 
2 


v 


N 5 7 
RM £ DI 
T2 and Cp =C, +R ae 


(iii) For triatomic gas, Y= Tes 

(iv) For polyatomic gas the value of y lies betwee 
whether the gas is monatomic or diatomic etc. 

(2) The value of yis necessary to find the velocity o 

(3) To steady adiabatic processes a knowledge of the 

Example 8.6 : For an ideal gas y= 1-4, Calculate ti 


R = 2 cal mol, K- 


n 1-3 and 1-1. Hence by determining y, we can say 


f sound in a gaseous medium. 
value of y is essential. 
he values of molar specific heats of the gas. 


[e 
Again, Cp- Cy = Rye eye Qu 1) R 
R 2 
C, =—— =—— = 5 and Cp =R+Cy 25422727 
v=o] TAI ^ 
"^ Cp=7 cal mol"! K^! and C,-5 cal mol! K^! 

Ex. 8.7 : Molar specific heat at constant volume for hydrogen is 4'87 cal mol-!k-! and its density 
at NTP is 0:09 g/ litre. Molecular mass of hydrogen is 2:016. Calculate specific heat at constant 


pressure of hydrogen. 


Soluti «ch 
‘olution : Y = é TE Cp 2TC, 


PV 
Solution : Molar gas constant is R ^^, Here P = 1-013 x 10° dyne / cm? 


= 2016 . 22.4 x10 c6 T=273K 
0-09 x 10 
VO: 
pa 10e aad erg mol! K^! 


and molor volume, V 


1 
So 5 = = 6.85 cal mol!k"! 
42x10 

at 0°C. It is allowed to expand at constant pressure to double its 
Cy= 2075 mol! K- and R = 831 J mol! K- 


( Cp =Cy eR a 87+ 


Ex. 8.8 : 1 mole gas is initially 
volume. How much heat will be required. Given, 


ZUR 


Solution : From Charles law : V, T, 


V. 
T =F =2T, =2x273=546K 

1 
=C, +R=207 +831 =2901] mol! K-! 


Now, C, 
Amount of heat required, Q= C, (T;- T) 
Q-2901 x (546 - 273) = 7917 J. 
Ex. 8.9 : A pressure 10° dyne / cm? has to be applied on a gas to reduce its volume from 20 litres 
s roduced ? J = 42 J / Cal. [ H. S. 2000 ] 


to 10 litres. How much heat will be p 
Solution : Work done by the gas, WzP(V-V) 
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W = 106 x (20 — 10) x 10? erg = 10? J 


5 3 
~». Heat produced, H= = = =. = 240 cal 


8.14. Thermodynamic process : 


A thermodynamic system is specified by th^ thermodynamic co-ordinates, viz, temperature, pressure 
and volume. Any change of any of these quantities produces a change in the state of the whole system. 
Such a change is called thermodynamic process or simply process. We consider the following processes. 


(i) Isothermal process : If the pressure and volume ofa substance changes in'such a way that its 
temperature does not change then the process called isothermal process. In an isothermal process, none of 
the quantities AQ, AW, AU in general zero. Of course, in the care of ideal gas AU = 0. Few examples of 
isothermal process are given below. 


(i) Boiling : When a liquid boils at constant pressure, its temperature remains constant. So the 
average translational kinetic energy of the molecules does not change during phase transformation. But 
internal energy increases. 


(ii) Melting : During melting at constant pressure the temperature remains constant. Here also average 
translational kinetic energy of the molecules does not change; but internal energy increases. 


€ Explanation : To explain the isothermal process, let a gas is enclosed in a metal cylinder fitted 
with a frictionless moveable piston, also made of metal. Now, let the gas is compressed slowly, work is 
done on the gas. Its internal energy and temperature tend to increase. The heat so produced is conducted 
to the surroundings through the metal cylinder. Thus the temperature of the gas remains constant. It is 
called isothermal compression. 

Similarly let us suppose that the gas is allowed to expand slowly. Work is done by the gas. Now, the 
internal energy and hence the temperature of the gas tends to decrease. But heat from the surroundings 
will be conducted through the metal cylinder into the gases and exactly compensate the loss of internal 
energy. So, the temperature of the gas remains constant. This process is called isothermal expansion. 

Evidently isothermal process is a slow process. In this case either heat is removed from the system or 
heat is allowed to enter into the system. The following conditions must be satisfied to accomplish an 
isothermal process. 

(i) Container of the gas must be good conductor of heat 

(ii) Thermal capacity of the vessel should be high. 

(iii) compression or expansion of the gas should be very slow. 


€ Relation between pressure and volume : In the case of isothermal change of an ideal gas, its- 
pressure and volume changes according to Boyle's law, PV — Constant. The 

(P — V) graphs at constant temperatures will be a rectangular hyperbola. 

[Fig 8.9]. These are called isothermals. The three graphs corresponding to 

the temperatures T,, T, and T are called isothermals. 


€ Application of first law of thermodynamics : During an isothermal 
change of a gas, temperature remains constant. So the internal energy of 
the gas remains unchanged during an isothermal process. So, change of 
internal energy of the gas AU = 0. Hence from the first law of 


thermodynamics Q = W. So, during an isothermal process work done is 
equal to heat supplied. 
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€ Work done during isothermal process : We consider 1. mole of an ideal gas. Its one isotherm on 
( P -V ) graph is shown in fig 8.10. We shall calculate work done by the gas for isothermal expansion 
from A to B. Initial pressure and volume is ( P,, V) and final pressure and volume is ( P, V). 


M 
Work done in the isothermal process is W= fray 


i W=Q=|[Pav 
w= Saver (A2) 
M M^ (P4, V3) 
2 Pi 
W=RTh|-|=RTh| =] aaa (87) 
Vi P Oee OTAN, 
Fig : 8.10 


. Heat absorbed by the gas, Q = W =RT In (2 
2 

(ii) Adiabatic process : It is a kind of thermodynamic process in which pressure and volume of the 
gas changes in such a way that no heat is allowed to enter and leave the system. The total heat content of 
a gas remains unchanged. 

In general any process that occurs under such a. condition that no heat enters or leave the system, is 
called adiabatic process. 

Suppose an enclosed gas is suddenly compressed. Some work is. done and heat is produced, Again if 
the gas is allowed to expand suddenly. Work is done by the gas and the gas tends to cool. In the first case 
if no heat is removed from the gas or in the second case if no heat is supplied to the gas, the temperature 
of the gas does not remain constant. 

As no heat leaves the system or no heat enters the system, the total heat content of the system does not 
change. Hence AQ — 0. For a Adiabatic change the following conditions must be satisfied : 

(i) The wall of the container should be non conducting. 

(ii) The thermal capacity of the vessel be low. 

(iii) Change of pressure on the gas be very rapid. 

During an adiabatic process the change of pressure and volume of the gas does not obey Boyle's law. 

In this case, the pressure and volume of the gas obeys the relation PV = constant. 
y is called the ratio of two specific heats of a gas. The other two adiabatic 


p equations are : 

| NC TV Y-! = constant or TP -Y/Y = constant. ( P — V ) diagram of a fixed 

mass of a gas undergoing adiabatic changes is shown in fig 8.11. These curves 
are known as adiabatics. 

From the first law of thermodynamics Q = U, - U} + W = AU + W. 

In this case, Q = 0, Hence W = — AU, So, in the case of adiabatic expansion 


work done by the gas is equal to loss of internal energy of the gas. 

Work done under adiabatic process : Let a gas expands adiabatically 
from volume V, to V,. The expansion is represented by the adiabatic AB. 
Initial pressure, volume and temperature are P,, V, and T, and the P 
corresponding final quantities we P5, V, and T. 


Fig : 8.11 


A (Pj, Vj, Tj) 


v; 
Work done by the gas, W= [Lr ABCD [Fig 8.12] 
vi 
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Ms vu [ © PV” = K, a constant ] 


K S Ee 1 
Ww EU TNI i yer -P,V;) 


R R 
' “izy (r, -1)-ey(1 -T,) n Cy -l 
8.15. Slopes of isothermals and adiabatics : 
In fig 8.13, AB is an isothermal and CD is an adiabatic force given mass of a gas. It can be shown that 
the slope of the adiabatic through any point is y times the slope of the isothermal through the same point. 
(i) For isothermal process : In this case Boyle's law is applicable .. PV = Constant. 
dp P 


By differentiating , Pdv + Vdp=0 ~. n =- [7 P " C 


P 
So, the slope of the curve = — v 


(ii) For adiabatic process : In this case, PVY = constant 


On differentiation y P VY-!dy + dp.VY =0 R 
^ Pdv + V.dp=0 CA (=) : A 
^4 yPdv+V.dp=0 or, zd; V Y Fig : 8.13 


P 
Slope of the curve — Y v 


^. slope of the adiabatics = y x slope of the isothermals. 
Since y > 1, slope of the adiabatics > slope of the isothermals. 


1 
Example 8.10 : A quantity of air at NTP is adiabatically compressed to — th of its volume. Calculate 


5 
the rise of its temperature. y for air = 1-41 
y-l 
; 4 pr to Eye 
Solution : We know T, Vj 1^! = Tj V, SOT = V, 
M 
By equation, T, =273K, —-5, y=1-41 
V2 
TE 
2 = (5)14I-1 .. (50-41 $ = 041 — 528.2 K = 255.29 
273 (5) (5) ^ T, =273 x (5) 528:2 K = 255-2°C 


Ex. 8.11 : A perfect gas at 27°C is suddenly compressed to 8 times its original pressure. Find its 
rise of temperature. y=1°5. 


TY fp)"* 
Ans : We kn: m my [L| 
B OW, TYP t=T TP, ToS T P. 

2 I 


P 
Here, T, =300K, >-=8, y=15 


Pi 
300^ T, Y 
i EJ 2705 . (33) =8  T,=2x300=600K 
2 300 


^ Rise in temperature = 600 — 300 = 300 K = 300°C 
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8.16. Reversible and Irreversible process : 
(A) Reversible process : The concept of reversible process is very important in the field of 
thermodynamics. 
Consider a gas contained in a cylinder fitted with a moveable piston, Let the Pra 
gas absorbs some heat AQ and performs some work AW when it changes its 


state from A to B [ Fig. 8.14.]. Obviously in passing from state A to the final 5 
state B, the gas passes through a series of intermediate states. E 

We now force the system in reverse direction. Let the gas be brought back B 
from state B to the state A by reversing the process i.e. instead of expanding the © Vol 
gas let us compress it. In the reverse process if the work done on the gas is AW Fig : 8.14 


and it passes through the same intermediate states with the release of heat AQ, 
we say that the process A — B and reverse process B — A are reversible. So, we may define the reversible 
process a follows — 

From thermodynamical point of view, any process that can be exactly reversed so that the system 
passes through the same intermediate states as in the forward process with the reversal of sign in 
work done and heat absorbed is called a reversible process. 

A reversible process implies that there is no wastage of energy. The work done by the gas during slow 
expansion can be calculated and it is the same as that done by the gas during expansion. The internal 
energy, being a function of the state, is regained as the gas returns to its initial state. Thus, no change in 
the internal energy occurs in the process. Hence, from the first law of thermodynamics, the heat absorbed 
by the gas in the direct process ( expansion ) be equal to the heat rejected by the gas in the reverse process 
( compression ). 

Thus, all the requirements regarding heat and work are satisfied and the process is reversible. However, 
we have assumed that dissipative effects, such as friction are absent. 

Conditions necessary for a reversible process : Reversible process is an ideal concept and they - 
cannot be realised in actual practice. Yet they are extremely important in thermodynamics because they 
can be handled analytically. To achieve reversibility the following condition must be fulfilled. 

(i) Friction and other dissipative forces must be absent. 

(ii) The process must be extremely slow. 

(iii) The causes that brings about a change (i.e., pressure, or temperature different ) should be extremely 
weak, so that the system remains in equilibrium with the surrounding. 

(iv) There must not be any loss of heat due to conduction or radiation. 

(B) Irreversible process : All natural process are irreversible, because no natural process can fulfil 
the requirements of a reversible process. Actually reversible process is an idealisation and its importance 
lies in the fact that it can be analysed and yields useful information on the departures from reversibility. 

Any process that can not be made to go in the reverse direction is called irreversible process. At 
the conclusion, of the process the system can not be restored to the ínitial state when the process is 
reversed. A permanent change is left some where. All changes which occur suddenly like explosions etc 
may be considered as irreverssible. 

Examples of irreversible process : There are innumerable examples of irreversible process. In fact 
all processes going around us are irreversible. (i) Conduction of heat from a hot body to a cold body is an 
irreversible process. Suppose water in a beaker ( system) is heated from 15°C to 25°C by placing it on a 
hot plate. This process which is isobaric isochoric is irreversible because to bring it back to 15°C, it is to 
be kept in contact with cold body. So it can be brough back to the initial condition only at the cost of a 
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change in internal energy of another body. Hence it is irreversible. (ii) Free expansion of a gas is an 
irreversible process. Free expansion means expansion against zero applied pressure. This process is 
irreversible because to bring the system to its initial volume considerable work has to be done. 

(iii) Two solutions having different concentrations are mixed and the mixture acquire a uniform 
concentration due to diffusion. The reverse is not possible. 

(iv) Gas at a higher pressure moves to a vessel at a lower pressure until the pressures are equalised. 
This process is unidirectional. 

(v) Chemical reactions are irreversible. 

(vi) Heat produced by friction, heat produced by electric current etc are examples of irreversible 
processes. 


8.17. Inadequacy of the first law : 


Natural process are spontaneous and unidirectional. All spontaneous process are irreversible. This fact 
is related to the second law, we consider the following example. 


Volume expansion of a gas : A confined gas always flows from high pressure region to low pressure 
region until the pressure is uniform. So the volume of the gas increases spontaneously. Evidently the 
reverse process is not possible. The gas itself can not go back to its initial condition. Some work has to be 
done to restore the gas to its initial state. 

Let one mole of an ideal gas is enclosed in a cylinder fitted with a piston. The cylinder is placed on 
source of heat at temperature T. The gas is allowed to expand isothermally and reversibly from the state 
( P, Vy, T ) to the state ( P5, V5, T) ( V > V). The work done is 


V. 
1 V2 Pi 
AW= | Pdv=RT log, 2 - RT log, =} 
MI Pj 
M 


For isothermal change of an ideal gas AU = 0. Hence in this case AQ = AW. In this manner we can 
abstract heat from a source and convert it fulls to work. But at the same time, there will be change of state 
of the working substance. Hence, whole of heat cannot be converted to work without producing a 
change in the state of the working substance. 

But to convert the internal energy of the same source we have to bring back the gas in the cylinder to 
its initial condition. For this some work has to be done on the gas. The cylinder should be kept in contact 
with heat source and the gas can be taken to its initial state by compressing the gas isothermally and 
reversibly. Work done on the gas in the reverse process is same as the work done by the gas during 
forward process. Now same amount of heat is rejected to the source. Evidently in this cyclic process no 
net work is obtained from the heat. So, it can be said that continuous work cannot be obtained from a 
single heat source. First law of thermodynamics does not oppose it. But if that be the case then the 
atmosphere and the ocean has a huge store of internal energy which could be utilised to do useful work. 

Alternatively, the cylinder can be put in contact with source of hear at lower temperature T, (T, « T) 
and by isothermal and reversible’ compresson the gas can be restored to its initial state. In this case the 


Vi V. 
work done is AW, — RT, log, —- =- RT, log, —- 
V, V; 
So, heat rejected to the source at T, is AQ, = AW,. Hence in the cyclic process, heat absorbed from 


the source of higher temperature is AQ — RT log j (35) 
i 


V. 
. Amount of work done, A W’=R (T- T) (st) 
: 1 


THERMODYNAMICS 641 


Hence, it is possible to abstract heat continuously from source at higher temperature, convert à part of 
the heat to a useful work. But a lower temperature body or sink is required where the rest of the heat will 
be rejected. 

The fact is that it is not possible to construct an engine which can convert heat from a single reservoir 
called source into work, without rejecting some heat to a second reservoir called be sink at a lower 
temperature. This negative experience forms the basis of the second law of thermodynamics. This law 
asserts that it is futile to make any attempt to construct a machine which utilises heat from a single source. 

Thus, the first law denies the possibility of destroying or creating energy and the second law denies 
the possibility of utilizing heat from a single body for conversion into work, The following condition 
must be fulfilled to utilize heat to useful work. 

(i) A device called engine with a working substance is essential. (ii) The engine must operate in a 


cyclic process. (iii) The engine must operate between two temperatures. It will absorb heat from a hot 
body ( called source ), convert a part of it into useful work and reject the rest to a cold body ( called sink). 


8.18. Second law of Thermodynamics : 

Second law of thermodynamics concerns with the direction in which energy transformation naturally 
takes place. It has been stated in several forms. There are two well known statements of second law— one 
given by Clausius and the other by Kelvin and Planck. 

Clausius Statement : It is impossible for a self acting machine, unaided by any external agency, to 
transfer heat from a body at a lower temperature to a body at a 


higher temperature, or heat can not by itself pass from a colder to Heat flow 

a hotter body. Cold t Hot 
The second law as stated above- implies that heat will not flow 

spontaneously from a cold body to a hot body. Of course, Cold Hot. 


A d [ T ig : 8.15 
refrigerator is a device which can transfer heat from cold body to Fig 


a hot body. But for its opertion some work is done. 

Kelvin-Planck statement : It is impossible to construct a machine which, when it operates in a cycle, 
extracts heat from a source and converts it wholly into work. 

This statement of the law implies that a continuous working device that draws heat energy from a high 
temperature source and converts it all into work is impossible. It has to reject some heat to the sink. For 
the success of a device known as heat engine at least two heat reservoirs are needed. One heat reservoir 
be at higher temperature from which heat is extracted and the other at low temperature where a part of the 
heat is rejected. 

The second law thus forbids two processes to occur spontaneously, without other changes in the system, 
namely, 

(i) Complete transformation of heat into work; 

(ii) Flow of heat from lower to higher temperature. 

The two statements of the second law are equivalent, and one can be derived from the other. Which 
one to be in a particular case, is a matter of convenience or taste. The second law cannot be proved 
directly, as it is a negative statement. It is universally accepted as a true law, as no exception has yet been 
found. No other law of physics has been applied to so wide a range of phenomena as the second law of 
thermodynamics. The law has wide field of applications, and conclusions drawn from them, or predictions 
is used on them have experimentally verified. It has been applied to the study of change of state, solutions, 
osmotic pressures, electric cells, thermo electricity, chemical reactions, etc. In every case, the predictions 
of the law have been confirmed experimentally. 


Phy (D—41 
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8.19. Significance of the law : 


The second law of thermodynamics is actually a repetition of a universal natural law and based on our 
practical experiences. According to this natural law we see that (i) a body cannot move from a lower 
level to a higher level unless work is done on it by some external agency; (ii) Electric current cannot flow 
from a lower to a higher potential point unless work is done on it; (iii) Also heat cannot flow from a body 
at a lower temperature to a body at higher temperature unless work is done by some external agency. 

Obviously, a machine is required for taking a body from a lower to a higher level or an electric 
machine is needed to drive current from lower potential to higher potential one. To transfer heat from 
colder body to hotter body, work has to be done as is done in refrigerater. 


8.20. Difference between the first law and second law of thermodynamics : 


It is important to note the distinction between the first law and the second law of thermodynamics. 
The first law asserts that heat and work are only different forms of energy and are mutually inter convertible. 
It does not tell us how and to what extent one can be converted into the other. It only tell that energy is 
conserved. But the first law does not tell the way of conversion of heat to work. The second law asserts 
that conversion of heat into work essentially requires a hot body and a cold body simultaneously and that 
when heat is converted into work, only a partial conversion is possible. The first law is concerned with the 
energy balance which must be satisfied in any process; the second law is concerned with the direction in 
which a given process may take place. 

We summarise the differences as follows : 

(i) According to the first law, heat and mechanical energy are the different forms of energy. 

(ii) Mechanical energy can be converted to heat and vice versa. 

(iii) First law does not mention how heat energy comes; when heat can be converted to mechanical 
work or whether the conversion is partial or complete. 

(iv) From Second law we get the direction of flow of heat. Heat carm not flow from a body at lower 
temperature to a body at higher temperature. 

(v) Second law states that conversion of heat into work is partial and for the conversion a body at 
higher temperature and a body at lower temperature are required. 


SHORT ANSWER TYPE QUESTIONS (With Answers) 


Q.1. Can mechanical energy be converted continuously and completely into heat ? Is reverse 
also possible ? 


Ans. The mechanical energy can be completely and continuously converted into heat. But heat energy 
cannot be completely and continuously converted into work. 


Q2. A piece of metal is hammered. Does its internal energy increase ? Does heat enter from 
outside ? 


Ans. Internal energy of the metal increases. Because : Kinetic energy of the hammer is converted to 
heat which is absorbed by the metal. As a result its temperature and internal energy increases. 
2nd part : No heat enters from outside. 


Q.3. What is the internal energy of one mole of monatomic gas at 0"C ? Does the value of this 
energy depend on pressure, volume and nature of the gas ? R = 8:31 J mol! K-! 


Ans. The energy of 1 mole of an monatomic gas at TK is given by U= SRT 


U=2x 8-31 x 273 = 3403 J 
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2nd Part : In the Case of ideal gas, there is no attraction or repulsion among the molecules. For this 
reason, the value of internal energy does not depend on volume or pressure of the gas. The value of 
internal energy depends only on temperature of the gas. 


QA. A vessel of volume 1 m? is divided into two parts by a screen : On part is filled up with an 
ideal gas and the other is empty. The vessel is thermally isolated. Now, the screen is suddenly removed, 
will the temperature of the gas change ? [L IL T. 7933 

Ans. The temperature of the gas will not change. 

Reason: Expansion of gas takes place against zero pressure. Hence no external work is done. Also 
internal energy will not change because the molecules have no attraction or repulsion along there. 

Here no heat is supplied AQ =0 and workdone Pdv = 0 

. change of internal energy AU — 0 Hence there will be no change of temperature of the gas. 

Q.5. The volume of a certain mass of a gas in reduced to half of its initial volume in two ways : 
(i) first slowly, (ii) then rapidly. In which case more work is done ? [ J. E. E. '88; H. S. 98] 

Ans. More work is in the second case. 

Explanation : We know that change of pressure and volume ofa 
gas can be shown in ( P — V) diagram called indicator diagram and the 
area under the graph and the volume axis gives work done on the gas. 
(P-V) diagrams for the two cases are shown in fig [ 8.16] 


—» Pressure 


Slow process is shown by the graph AC. So, it is also an isothermal 
process. The volume of the gas changes from V to V/2. The work due 
in the isothermal contraction is the area ACDE. 

On the other hand, rapid change in volume from V to V/2 is shown 
by the graph AB. Evidently, it represents the adiabatic process. Final pressure is greater in the adiabatic 
process. The work done in the adiabatic contraction is given by the area ABDE. 

Evidently ; Area ABDE > area ACDE. 

Hence the work done in the rapid process is greating than in the slow process. 

Q.6. A certain mass of a gas is allowed to expand to double its volume in two ways : (i) first 
slowly and (ii) then rapidly. In which case more work is done ? 

Ans. More work is done in the first case ie., when expansion takes 
place slowly. 

Explanation : Slow expansion corresponds to isothermal process and 
the rapid expansion coresponds to adiabatic expansion, 

In the fig 8.17 these two types of expansions are shown the curves 
AB and AC on the ( P - V ) diagram. Here the adiabatic curve is below 
Fig: AN T the isothermal. Clearly, the work done in slow process ( ie. isothermal 

process ) is equal to the area ABDE and that in the rapid process ( i.e. 
adiabatic process ) is equal to the area ACDE. 

As the area ABDE » area ACDE, more work is done in the case when the gas expands slowly. 

Q7. Why is the conversion of heat into work not possible without a sink at lower temperature? 

Ans. For converting heat into work continuously, a part of the heat energy absorbed from the source 
has to be rejected. The heat energy can be rejected only if there is a body whose temperature I$ less than 
that of the source. The body at low temperature is called sink. 


VIZ ——» Volume V 
Fig : 8.16 
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Q.8. Some amount of gas is taken from state 1 to state 2 (higher pressure) in two methods [Fig. 
8.18] The methods are : (a) first change of state takes place at constant volume and then the gas is 


Vol taken to the final state at constant pressure. 
P V ol. P.V Constant P, V. 
nu onstant 2, “J pressure ae (b) first change of state takes place at constant 
Ist case pressure and then gas is taken to the final state at 


constant volume. 

In which method more heat is to be supplied to 
the gas ? Answer with proper reasons [ J, E. E. 1989] 

Ans. If the initial pressure, volume and temperature 
are P,, V, and T, respectively. Final values of there 
quantities are P^, V; and T,. Here P, > P,. Assume that ut he the jen. given to the system in the first 
case. Then from the first law of a Q;2U;-U, *P5(V5-Vi).. ... (i) 

Similarly, the heat supplied at the second case is dioi by 

Q =(U,-U, ) *FPECV; - Vi) 5... 2s. (ii) 

Since P, > P,, from (i) and (ii) we see that Q >) 

So, more heat is supplied at the first case. 

Q.9. In a water falls water is falling from a certain height on the ground. Why temperature of 
water at the bottom is slightly more that the temperature at the top ? [ H. S. *98] 

Ans. At the top of the falls, all energy is potential energy. When the water falls from the top to the 
bottom potential energy is converted to kinetic energy. When the water falls on the ground, a part of the 
energy is converted to heat which raises the temperature of the water at the bottom of the falls. 


Q.10. Does the gas performs any work in the adiabatic progress ? If yes, what is the source of 
that energy. 


Ans. Yes, the gas performs work in the adiabatic process. The source of this energy is the internal 
energy of the gas itself. 


Fig : 8.18 


Explanation : From the first law of thermodynamics AQ = AU + AW. As no heat is supplied, AQ =0. 
So, AW=~ AU. Hence work done in the adiabatic expansion is equal to loss of internal energy of the 
gas. 

Q.11. What is the internal energy of 40 m? air at normal pressure ? 

Ans. For the gas internal energy is, U= T 

As air is diatomic g = 1-4, P= 1 atm = 10° N / m? 

_ 105 x 40 
1-4-1 
Q.12. How much heat is required to raise the temperature by 40°C of 14 g nitrogen gas at constant 


pressure ? Molecular mass of nitrogen = 28 and R = 8:3 J mol"! K-!, 
Ans. The required heat is, AQ = n. €, 


=107J 


14 7 7 
No. of mols acs Timea C, 4R27x83229:05, AT =40°C 


AQ = 0:5 x 29:05 x 40 = 581 Joules 


Q.13. 3 moles of an ideal gas initially at 27°C is compressed isothermally to reduce its volume to 
half of its initial value. How much work is done ? 


Ans. Work done in isothermal process, 
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V. n=3, 
W = 2-303 nRT log, —- 
nRT log, v R — 8:31 cal mol"! k^, 
W 22:303x 3x &:31x 273 x log (0-5) =— $188 J T» 300 K, E 
1 


Q.14. 1 mole air at 27°C is compressed adiabatically to reduce its volume to half of its initial 
volume calculate (i) Final temperature and (ii) work done. [y= 1.4 ] 
Ans. (i) The required relation is; T, V7! = T, V, 
Vries 
Tys n(x] = 300 2)!^-! = 396 K 
Và 
8.31 


(ii) Work done, W = zum = Ta) = 534 (300-396) = - 1994 J 


* MISCELLANEOUS EXAMPLES € 


Exercise 8.12 : The pressure of 70 g of nitrogen gas at 25"C is 50 atm. It is allowed to expand 
jsothermally against a pressure of 1 atm. If the nitrogen gas behaves as an ideal gas, calculate its 
change of internal energy. Also calculate work done by the gas. R = 2 cal mol"! K-!, 


70 
Solution : Number of moles of the gas, ” vem z2.5 
Initial pressure, P, = 50 atm, final pressure P, = 1 atm. 
As temperature remains constant, change of internal energy, AU - 0. 
*. Work done, AW =P,(V,-V,)=P, A à =) 
2 1 
nRT(P, - P. 2.5x2x298 (50-1 
Bs ied. (50-1). | 16x 10° 
Pi 50 
Ex. 8.13 : Sp heat of air at constant pressure is 0-22 cal g ! "C^! and sp. heat at constant volume 
is 0-16 cal g^! *C-1. If the density of air at N. T. P is 13 g / lit, Calculate mechanical equivalent of 
heat. 


AW 


Solution : The required relation : C, ~ Cy, - and PV=RT P = 1-013 x 105 dyne / cm? 
J HE ACD V SUL STI 
T(c,-c.) c, 2022s 
1:013 x 10* C, EDI 


= i 
273x 0-0013 (0:22 — 0:16) 
_ 1-013x 10° x 10? 
273 x 1-3 x 0-06 


Ex. 8.14 : 1 mole oxygen gas at 0°C is heated at 
by 10%. (a) How much heat is required ? Sp heat of 
(b) If same quantity of heat is supplied at constant volume, what 

Solution : (a) As the pressure is kept constant the required relation is 


= 476 x 107 erg / cal 


constant pressure so that the volume increases 
oxygen at constant pressure = 0.22 cal ec. 
will be the final temperature ? 


MR qam V, 2 V, 4 1*6 of V e 11V, 
VUE Vi 
EM T, =273K 
=— x 273 =300-3K 


T,= 
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Rise of temperture, AT 2300.3-273-273K 
Heat required for this rise of temperature, Q = m C x AT 


Q=32x 0-22 x 27:3=164 cal= 688-65 J 
R 2 US 
'(b) Specific heat at constant volume, C, Shoe ahaa ee cal g dame! 


688-65 _ 
4-2 


164 cal 


lue ar ass S 
mC, 32x0-1575 

Ex 8.15 : Initial pressure of one mole of an ideal gas an 105 N / m? and its volume 6 litre. If the 
gas is compressed adiabatically to final volume 2 litre, Calculate the work done. Given molar specific 


Heat supplied, Q= 


"^ Rise of temperature, AT = -32.54K ~. Final temperature = 32°54°K 


heat at constant volume = SR [LLT ] 
Solution : Specific heat at constant pressure, C p^ C,*R 
epee e i 
C,==R+R==R idis es 
Now, for adiabatic process, P| Vj T7! = pay, 
10° x (6)'4-1=P, x (2) 4-1. P, = 1:55 x 10° Nm? 


*. Work done in adiabatic process is 

RVi- PV 10 x6x102-1:55x109 x2x10? 
ysi 1-4-1 

^ Worke done, W = 725 J 


w =725J 


Ex. 8.16 : The diameter of a hose pipe is 2 cm. Through the pipe 1 m? water flows in 20 sec and 
strikes a wall. If whole of kinetic energy of water is converted to heat, what will be the temperature 
rise of water ? J = 4.2 J cal! 

6 
Solution : Volume of water flowing per sec — E -5x10*c.c 


Area of cross section of pipe, a— xr? =3-14x (1) =3:14 cm? 


4 
Velocity of water, yoo =1-6x10*cm/s 
3.14 
ae m E my? 
Kinetic energy of water m ES Heat produced Ea 
2 
2 2 1-6x10* 
ma =ms0 s 821 d =3.05°C 
2J 2J 2x4.2x107 


Rise of temperature = 3:05*C 
Ex. 8.17 : A stirrer in one litre of water revolves at 360 rpm in a circle of radius 5 cm, facing a 
resistance of 0-1N. Assuming no radiation loss, how much does the water temperature rise in 1 
hour? [J2423/cal ] [ J. E. E. 1996 ] 
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Solution : Torque acting on the stirrer, «- Fr20-1x 5x10? 25x10? N-m. 


Angular velocity of the stirrer, © = 2nn = 2n a =12nrad/s 


*. Work done / sec = 5 x 10-3 x 12 t = x 10-2 J/s 
©. Work done in 1 hr = 6r x 107? x 3600 = 216m J 
W 216% 
H=—= 
Heat produced, J 42 
Let temperature rise of the water be °C 
2167 


cal. 


1000 x Ix t= 


= t = 0-161°C 
rise of temperature = 0.161°C 

Ex. 8.18 : An immersion type electric heater of 250 watts is immersed in 5 kg water contained 
in a bucket. In how much time will the temperature of water rise by 10°C ? Sp.heat capacity of 
water = 1000 cal kg“! k7! and J = 4.1 J cal-!. Neglect heat capacity of the bucket. 

Solution : Let the required time be t sec. 

Energy supplied in time t sec = 250t Joule. 

Heat absorbed by water to raise its temperature by 10°C is = 5000 x 10 x 4:1 

. 250t=50x 4100 .. 1-820 sec 

Ex. 8.19 : A cyclic process for 1 mol of an ideal monatonic gas ( C, = p 
12:5 J mol! K-! is represented in fig 8.19 . The temperatures at 1, 2, and 3 | 
are 300 K, 600 K and 455 K respectively. Compute the values of AQ, AU and 
AW for each of the process. The process from 2 to 3 is adiabatic. 

Solution : In the process 1 to 2, volume remains constant. 


So no work is done. ~. AW =0 


T; 
Heat supplied to the gas AQ feyt 2 C,(T; - Tı) = 12-5 x (600 — 300) = 3750 Joule 
T 


By first law of thermodynamics, change of internal energy. 
AU = AQ-AW=AQ [AS AW =0] = 3750 J. 
Next, the process 2 — 3 is an adiabatic process. Here AQ =0 


R 
Work done in the process, AW gu -T;)=C,(T,-T)) 
=12-5 (600 — 455) = 12-5 x 145 = 18125 J 


V 
Lastly, in the process 3 — 1, workdone AW = fea- P (Vi - V3) 
V3 
AW =R(T,-7;) [ : PV=RT] 
= 8.31 ( 300 - 455 ) = -1288 J 
T 


Heat absorbed, AQ= fo =C,(T,-T,) =1-67x 12-5 x (300-450) = - 3235-6 J 
T3 
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. Change of internal energy, AU = AQ- AW 
^ AU =—3235-6 — (-1288) = 1989 J 


7 
Ex. 8.20 : Three moles of an ideal gas ( C, xr o at pressure P4, and temperature T, is 


isothermally expanded to twice the initial volume. It is then compressed at constant pressure to its 
original volume. Finally the gas is compressed at constant volume to its original pressure P4. (a) 
Sketch P - V and P - T diagram, for the complete process. (b) Calculate the net work done by the 
gas and net heat supplied to the gas during complete process. [I. I. T. 1991] 

Solution : (a) ( P - V ) and ( P - T ) diagram is shown 
in fig 8.20. i 

(b) In the process 1 — 2, the change of state is 
(PA, V, Tx) to. (P), 2V, TA) 


z 1 
ae Gu Hence PA =2P, ;. Py RDA 
Fig: 8.20 As temperature remains constant, AU = 0 
2y 
x. Work done, AW = fra 23RTIn2 », AQ=AW 
v 


P iz 
Next in the process 2 — 3, the state of the gas changes from ex 2V, 1% to (5. v1). 


Hence EA i 2Y TAMEO n= 
(Tiu e ANATS 2 
: Rot -3RT 
Hence change of internal energy AU 23Cy AT, 23.——| —-— Ri M 
e i FN 2€ Ay qa  i"*31 
7 
—R 
Peete whe a ERAN 
C, C,-R Tr-R 5 
-3RT, -IS RT, 


M 
Work done, AW = Jpdv=#A (v- 2v)» - Py 200. 
2V 


- Heat supplied AQ= AU + AW =- > RT, - SRT, =- Hrer, 


; P T 
Lastly in the process, 3 — 1, the change of state takes place from (s. V, A) to (By, V, T) 


; ae ahah ee 
ge pe A 


* change of internal energy, AU = 3cy(T, - <4) = ES x Ta 
y= 2 
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15 : 7 
AU TAREA [ Putting y =7| Work done AW =0 


Heat supplied, AQ=AU= = RT, 


Hence total workdone in the cyclic process, 
3 
AW =3 RTA In; 75 RT, + 0 - 3RTA (In2— 0.5) 


2 
Total heat supplied, AQ -3RTA In; — zZ RT, + z RT, —-3RTA (ina j 
Ex. 8.21 : Some amount of an ideal gas is taken through a cyclic process abca [ Fig 8.21 ] It 
absorbs 50J of heat during the part ab, no heat during bc and rejects 70 J of heat during ca. Work 
is done on the gas during the part bc. Work done during the process bc is 40 J. Calculate (i) internal 
energy of the gas at b and c. Assume internal energy at a 1500 J; (ii) Calculate the work done by 


the gas during the part ca. 


Solution : During the process ab, Volume remains constant. So, work done in this part AW = 0 
Heat absorbed by the gas is AQ=50J 


. Increase of internal energy, AU = AQ = 50 J P b 
Internal energy at b is Up = U, + AU = 1500 + 50 = 1500 J { 
Next in the part bc, Work done by the gas, AW =-40J 
é a 


During this part, no heat is given to the system, Hence the increase of internal 
energyy from b toc is AU,=-AW=40J 
So, the internal energy at c is Uç = Uy + AU, = 1500 + 40 = 1500 J 


l—— V 


Fig:8.21 


(ii) Now, the change of internal energy from c to a 

AU, = 1300 - 1590 = - 90 J 

The heat given to the system is AQ =- 70 J 

*. The work done by the gas during the part ca, AW = AQ - AU = — 70 4. 90 = 20 J. 

Ex. 8.22: A Substance is taken through the process abc [ Fig 8.22 ] If the internal energy of the 
substance increases by 5 x 103 J and a heat 2625 x 10? cal is 
given to the system, Calculate the value of mechanical equivalent 
of heat. 

Solution : Along ab work is done at constant pressure and no 
work is done along be. So the work done in the path abc is 
AW =P (V; - V,)=200 x 10? x (0:05-0:02) J = 6000 J 

Heat supplied is AQ = 2625 Cal = 2625 x J joule 

From first law of thermal dynamics, AQ=AW + AU 
2625 J = 6000 + 5000 = 11000 


25300. 10 


0 002m 0:05 n? 
Fig: 8.22 


Value of mechanical equivalent heat is 4-19 J / Cal. 
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Exercise 


A. Short answer type questions : 


1. What is the condition of thermodynamic equilibrium ? 
2. Why is the temperature at the bottom of a waterfall is slightly more than the temperature at the top of the fall. 
[ H. S. 1996] 
3. A copper ball and an iron are dropped from the same height. Which one will be heated more ? 
4.  Whatis meant by internal energy of a gas ? On which factor its value depend for an ideal gas ? 
5.  Doethe internal energy of an ideal gas depend on its pressure and volume ? Explain your answer. 
6. Two cylinders A and B of equal volume are connected by narrow tube provided with a stop cock. Cylinder A 
is filled up by an ideal gas and B is vaccum. The cylinders an thermally insulated. If the stop cock is suddenly 
open, answer the following questions. (i) pressure inside A or B; (ii) Change of internal energy of the gas (iii) 
change in temperature of the gas. 
7.  Whatis meant by isothermal and adiabatic changes. 
8. How does the internal energy of a gas change when it undergo isothermal of adiabatic change ? 
9. State first law of thermodynamics. 
10. What is the change of internal energy during (i) isothermal change (ii) adiabatic change (iii) isochric change 
and (iv) Cyclic change. 
11. A gas is supplied some heat, but internal energy does not change. What type of change it is ? 
12. During an adiabatic expansion, the temperature of a gas decreases. Explain the reason. 
13. A gas is compressed to half of its initial volume in two ways (i) first slowly and (ii) the rapidly. In which case 
more work is done. Show by indicator diagram ? 
14. A gas is allowed to expand to double its initial voulme in two ways— (i) first slowly (ii) turn rapidly. In which 
can more work is done on the gas ? Explain. [H.S. '98] 
15. Draw two adiabatics and two isothermals on the same ( P — V ) diagram. Show that the slope of the adiabatic 
is y - times more than that of an isothermal. 
16. Define the terms (i) thermodynamic co-ordinates (ii) Thermodynamic states of a system. (iii) intensive and 
extensive property. 
17. Explain reversible and irreversible process. Give examples. 
18. How much work has to be done to raise the temperature of 1 g of water by 1°C ? 
19. State second law of thermodynamics. 
B. Essay type questions : 
1. (a) What is meant by the mechanical equivalent of heat ? [ H. S. 2000] 
(b) State and explain first law of thermodynamics. Write its general form also. [ H. S. 2000] 
2. (a) Whatis meant by internal energy of a gas ? On which factor internal energy of an ideal gas depends ? 
(b) A gas is allowed to expand at constant pressure. Deduce an expression for the work done by the gas. 
3. What is meant by isothermal and adiabatic processes. Deduce the expressions for the work done during these 
two processes. 
4. Why does a gas possess two types of specific heats. Obtain a relation between these two specific heats, 
5. 


(a) Write down the two statements on second law of thermodynamics. 
(b) Explain the difference between the first law and the second law. 


C. Simple numerical problems : 


1. 


2. 


3. 


A pressure of 10$ dyne / cm? is to be applied to bring down the volume of gas from 20 litres to 10 litres. How 
much heat is developed in it ? [J = 4-2 x107 ergs / cal ] [Ans.240cal] [H.S.2000] 
A block of ice at 0°C is dropped from a height and it melts completely due to impact with the ground. Find the 
height from which it is dropped assuming that 60% of its energy is converted into heat. 

[ Ans. 34-28 km ] [ H. S. 2003] 
Calculate the difference of temperature between the top and bottom of a water fall of height 400 m if 80 96 of 
the heat produced to absorbed by water. [ Ans. 0.747 °C] [ H. S. 1997 ] 


6. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 
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The difference of temperature between the top and bottom of a water fall is 0-49°C. If whole of the work done 
by the water in falling from top to the bottom of fall is converted into heat, calculate the height of the water fall 
j [g= 980cal/s?; J242x 107 ergs / cal] [ Ans. 210 m ] [ H. S. 1987 °04] 

A water fall is falling from a height of 50 m. If 75 % of the energy is converted into heated absorbed by ae 

Calculate the rise of temperature of the fall. [ Ans. 0:0875*C ] [ H. S. ^80] 

A meteorite of mass 42 kg while passing through earth’s atmosphere loses its velocity from 15 km / sec to 5 

km/ sec. Calculate the heat produced in calorie due to the change of kinetic energy J 4:2 x 107 erg / cal. 

j ^ [Ans. 10? cal] [ H. S. 1987 ] 

A Kerosene lamp can emit as much light as a 15 watt lamp. Assuming that only 60% of the heat is converted 
into light how much kerosene is burnt in 5 hours ? ( 1 gm of kerosene produces about 45000 joule of heat ) 
^ K ' j [ Ans. 10gm) [ J.E.E 1992] 

From what height a piece of ice at 0°C be dropped so that it completely melts on hitting the ground if only 50% 
of the energy is converted into heat. Latent heat of ice = 80 Cal/g. [ Ans. 68:57 km] [ J. E. E. 99] 

When a piece of metal is fall through a height of 50 m from rest, its temperature rises by I-4*C. If itis given that 


2 
only 3 of the heat raises the temperature of the metal, Calculate mechanical equivalent of heat. Specific heat 


of metal = 0:1 cgs. [Ans. 42 x 107 ergs / cal ] [ H. S. '83] 
How much work has to be done to produce the amount of heat required to convert 50 g of ice at 0°C to water 
at 100°C ? Latent heat of ice = 80 cal / g [ Ans. 37:8 x 103 J] 
A lead bullet moving with a velocity of. 400ms-! strikes a rigid wall. If 25 96 of the kinetic energy is converted 
to heat, what is the temperature rise of the bullet ? Sp. heat of lead = 0:03 cgs. [ Ans. 158:73*C ] 
A block of mass 2 kg is drawn over a rough horizontal surface with a velocity of 2 ms-!. If the coefficient of 
friction between the block and the surface be 0-2, Calculate the heat produced is 5 sec [J = 4:2 J / cal; g = 9:8 
ms ~] [ Ans, 9:33 cal ] I. I. T] 
A copper calorimeter of mass 100 g contains oil of mass 1 kg. The oil is stirred by a rotating paddle which can 
exert a torque of 108 dyne-cm. If rise of temperature be 5°C after the paddle makes 220 revolutions, calculate 
the value of mechanical equivalent of heat. Given, sp. heat of copper = 0:1 and that of oil = 0:64. 
[ Ans. 4:26 J / Cal ] 
A drill of power 0-25 HP is making a hole on a iron plate of mass 200 g. If 50 96 of the energy spent is absorbed 
by iron plate what is the temperature rise after 1 min. 1 H. P. = 746 watt. Sp heat of iron = 0:11 cal gc 
( Ans. 60:55"C ] 
A still drill making 180 revolutions per min is used to drill a hole in a block of steel. The mass of the steel block 
and the drill is 180 gm. If whole of mechanical work is converted to heat and the rate of rise of temperature of 
the block is 0°5°C per sec, find (i) the rate of working of the drill in watt (ii) the torque required to drive the drill 


(sp. heat of steel = 0-1 cal g~! °C-!) [ Ans, (i) 37:8 watts, (ii) 2N-m] [EE T. ] 
A ball moving with a velocity of 4 m/s collides with a stationary ball of same mass and they combine together. 
Calculate the heat produced. J = 4.2 / Cal. [ Ans. 2:38 cal ] 


A calorimeter of mass 500 g contains 500 g water at 18°C. It is stirred by a rotating wheel and the temperature 
of water rises by 20°C. Calculate the work done by the wheel. Assume, all the work is converted into heat. sp. 
heat of copper = 0:1 cal g ~! °C! [ Ans. 4620 J] 
70 Cal of heat is required to raise the temperature of 2 mole of an ideal gas to raise its temperature from 30°C 
to 35°C. How much heat will be required to raise the same gas through the same range of temperature at 
constant volume. (R= 2cal mol -! K~! ] [ Ans. 50 cal ] 


1g water ( vol 1 c.c) when converted to steam at atmospheric pressure, its volume becomes 1671 c.c. Calculate 


the work done and change of internal energy. Latent heat of vaporisation = 540 cal g` and 1 atm=1:013 x 1 
Nm! [ Ans. 40:3 cal, 4997 cal ] 


Specific heat of oxygen at constant volume is 0-155 cal g~! *C-!. Calculate the specific heat of the gas at 


constant pressure. Molecular mass of oxygen — 32 and R = 2 cal mol -! K-! . 
[ Ans. 0:218 cal g~! *C -! JI J. E. E. 1997 ] 


A piece of ice at 0°C falls from certain height and on hitting the ground it melts completely. If 95% of the 


i i rted into heat, Calculate the height of fall of the ice. Latent heat of ice = 80 cal g 
oan S E I RII QNM [ Ans, 3-61 x 104 m][ J. E. E. 2001] 


The temperature of 5 g gas is raised at constant pressure form 28°C to 30°C. What is the change of internal 
energy of the gas ? sp. heat at constant pressure = 0:175 cal gic [ Ans. 1-72 cal ] 
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26. 


27. 


28. 


29. 


30. 


31. 


32. 


33. 


38. 


39. 
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The temperature of a piece of aluminium is raised by 1°C. What will be the i ere of energy of one atom of 
aluminium? Moleculer mass of aluminium = 27, Avogadro's number = 6 x 10 2? and sp. heat of aluminium = 
022 cgs. [ Ans. 4158 x 10°33] [L L T.] 
In the boiler of a steam engine coal burns at the rate of 400 Ib / hr. If calorific value of coal be 1.35 x 10* B. 
T. U/ Ib calculate the power of the engine. [1 B. T. U. = 780 ft - Ib ] [ Ans. 9.17 % ] 
A drill of power 0-5Hp is used a made a hole in an iron block. If 70% of the energy spent raises the temperature 
of iron, what will be the rise of temperature of iron block in 30 sec. sp. heat of iron = 0-1 cgs. 

[ Ans. 126.6°C ] 
Given, C, = 6.85 cal mol -! k-!, C, = 4-87 cal mol! k^! and the value of gas constant R = 8:31 J mol"! K-!. 
Calculate mechanical equivalent of decat. [ Ans. 4:18 J/ Cal ] 
Calculate the value of mechanical equivalent of heat from the following data : density of hydrogen is 0:09 kg 
/ m? and its specific heat at constant pressure be 3400 J; mol-!/ k-!. Ratio of two specific heat of the gas 
y=14 [ Ans. 4:244 J cal -!] 


R c 
[ Hints : C7 Cy test] 


At N.T. P mass of 1 litre of hydrogen is 0-0896 g. specific heat of hydrogen at constant pressure and at 
constant volume are 3:456 cal g cl and 2:47 cal g^! *C-! respectively. Calculate mechanical equivalent of 
heat. Given R = 8:31 J mol! K~! [ Ans. 42 J / cal ] 
One mole of an ideal gas is taken through a cyclic process ABCD — (atm) P 
[Fig 8.23]. What is the work done by the gas ? 1 atm — 10  dyne / cm? 

[ Ans. 900 J ] 
A gas at temperature 127°C is at a pressure of 10° dyne / cm?. It is 
allowed to expand to double its initial volume under isothermal 
condition. Next it is again allowed to expand adiabatically to double 
its volume again. What will be the final pressure ? Given y= 1-4 

[ Ans. 1-895 x 105 dyne / cm 2] 
A gas is compressed adibatically to reduce the volume to half of its 
initial volume. If the initial temperature be 27°C what will be the final 
temperature ? y= 1:5 [Ans. 151:2*C] 
At 0°C the velocity of sound in carbon-di-oxide gas is 259 ms". The specific heat capacity of carbon-di-oxide 
at constant pressure is 220 cal kg-!k-! and y= 1:31, Calculate the value of mechanical equivalent of heat. 
[ Ans. 3:6 J / cal ] 


[Hint: ¥= T. Pert 

10 g air at Ae is heated at constant volume to the final temperature 30°C. Calculate the change of internal 
energy of air? Given, C, — 0-17 cal gc [ Ans. 71:4 Joule ] 
One mole of gas initially at 127°C is expanded isothermally to double its volume. Calculate work done and 
heat absorbed by the gas. [ Ans. 232 x 103 J ; 552:3 J ] 
1 m? of air at 27°C and at a pressure of 105 Nm? weighs 1-18 kg. Calculate the value of gas constant for 1 kg 
of the gas. Also calculate C, of air if C, -168calkg"K^'.  [Ans.2825J Kg K-!; 235:3 cal kg"! k7! ] 
5 g ice at 0°C is converted to water at 0°C. If change of volume is negligible, calculate increase of internal 
energy of ice. A [ Ans. 1680 J ] 
A liquid of density 0:85 g/ c.c is flowing through a horizontal tube at the rate of 8 c.c / sec. The water is being 
heated by an electric heater of power 255 watts. If the difference of temperature at the two ends of the tube be 
15°C, Calculate the value of mechanical equivalent of heat. Given, specific heat of liquid = 0-6 cgs. 


euh [ Ans. 4:16 J / cal ] 
1 gm oxygen initially at N, T. P is allowed to expand adiabatically to double its volume. Calculate change in 
internal energy. Given R =2 cal mol-!k-!, y= 1-4 [ Ans, 43:38 J ] 


A tyre is full of air at a pressure of 6 atm and at temperature 15°C. It the tyre suddenly bursts what will-be the 
final temperature ? y= 1:4 [ Ans, - 944*C] 


40. 
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Three moles of an ideal gas at 300 K are isothermally expanded to five times its volume and heated at this 
constant volume so that pressure is raised to its initial value before expansion. In the whole process 83:14 J 
heat is required calculate the ratio C, / C, of the gas. [ Ans. 1-42] 


D. Harder numerical problems : 


L 


10. 


11. 


Two pieces of ice of equal mass while moving with equal velocity towards each other collide and with the heat 
generated they vapourise to steam. If the initial temperature of ice be -12°C and specific heat 0:5 cal g-!°C-!, 
calculate the velocity with which the pieces of ice were moving. Latent heat of ice = 80 cal g~! and latent heat 
of steam = 540 cal g-!. [ Ans. 246:95 x 10? cm/s ) [ J. E. E. 1987 ] 
In an X-ray tube 10 !8 electrons strike the target per sec with the velocity 2 x 10 8 ms-!. The mass of the target 
metal is 200 g and its sp. heat is 0-12 cgs; Also mass of electron = 9:1 x 10-8 g. If 98 96 of the energy is 
converted to heat, after what time, the temperature of the target rises by 95°C ? [ Ans. 47 min } 
The power of an engine is 10 KW and it burns 10 kg fuel in an hour. Calorific value of the fuel = 12,000 cal 
g^. If 25% of the heat produced due to combustion is lost, calculate : (a) what percent of heat produced is 
converted to work ? (b) If water equivalent of the engine be 8:0 kg, calculate the rate of temperature rise of the 
engine [ Ans. (a) 23:81 % (b) 0:64 *C/ sec] 
A lead bullet of mass 50 g having sp. heat 0'12 and at initial temperature 30°C is projected vertically 
upwards with a velocity of 840 ms~!. On reaching the point of projection, it hits a block of ice. If the ice be at 
0°C, how much ice will be converted to water at 0°C ? Assume that all heat is absorbed by ice. Latent heat of 
ice = 80 cal g7! [ Ans. 54°75 gm | [ Roorkee’88 ] 
The density of a gas at NTP is 0:00125 g/c.c and its volume 8 litre. It required 30 calorie of heat to raise its 
temperature by 15°C at constant pressure. Calculate the specific heats of the gas at constant pressure and at 
constant volume. R= 2 cal mol"! k-!. [ Ans. 5:6 and 3:6 cal mol“! k”! [ J. E. E. 1981] 
The initial volume of a gas is 2 m, It is compressed adiabatically by applying a constant pressure of 4 x 10° 
N/ m? so that the volume of the gas is reduced to 0:5 m3, What is the pressure now ? If the compression is 
effected at constant temperature what would be the final pressure. Calculate the work done in both the cases. 
Given y= 1-4. '[ Ans. (i) 278 x 105 N m? (ii) 1:6 x 10 6N mr? (iii) -14:75 x 106 J and — 1:08 x 105 J ] 
A monatomic ideal gas is taken through a cyclic process ABCDA as shown p 
in fig 824. What is the work done in the process? How much heat is 

supplied to the gas. [ Ans. PV; Q=PV ] L I. T. 1983] 


5 
An ideal gas has a molar specific heat at constant pressure equal to 7 „It 


is kept in a closed vessel of volume 0:0083 m? at a temperature of 27°C and 
pressure of 1:6 x 10° Nm. An amount of heat energy equivalent to 2:49 
x 1047 is supplied to the gas. Calculate the final temperature and pressure ` Fig : 8.24 V 
of the gas. [ Ans. 675 K; 3:584 x 105 Nn? ] I. L T. 1987] 


5 R T AE: 
Initial temperature and volume of 2 g helium gas W=3) are 27°C and 20 litre respectively. It is expanded at 


constant pressure until the volume is double. Then it is further expanded adiabatically so that its temperature 


becomes 27°C again. 
(i) Show the processes on a P — V diagram. 
(ii) What are the final volume and pressure ? my 
(iii) What is the work done by the gas ? [ Ans. (ii) 113-14 x 103 m3; 0-44 x 10° Nm? (iii) 12:44 KJ ] 
[ I. I. T. 1988 ] 

4 mole of an ideal gas ( y= 1:67 ) is mixed with 2 mole of another ideal gas (y= 1-4). Calculate the value y 
of the mixture. eg i 1:54] 

heat of earth's material is 0:15 cal g ~! °C-!. If whole of 


Radius of the earth is 6400 km and the specific i a 
rotational kinetic energy of the earth is fulled converted to heat what will be the rise of temperature of the 
[ Ans. 68:76°C ] 


earth? 
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12. 


13. 


14. 


15. 


16. 


(c) 
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One mole of ideal gas initially at 27°C is expanded isothermally to double its volume. Then itis compressed 
adiabatically so that its volume becomes equal to its initial volume. Calculate final temperature and work done 
by the gas. [yo l4and J 2 84J mol! k^! ] [ Ans. 830:6 K; 6302:74 J ] 
Some amount of gas is enclosed in a cylinder fitted with a frictionless piston. The initial pressure of the gas 3:5 
x 105 Nm and its temperature 366 K. The gas is expanded adiabatically so that its pressure becomes 0'7 x 
105 Nm~, Then the gas is heated to 366 K at constant volume and pressure rises to 1:1 x 105Nm~, Calculate 
the specific heats of hydrogen. [ Ans. C, =29-58; C,=21-28 J mol! k-! ] 
An ideal gas is taken through a cyclic thermodynamic process through four steps. The amount of heat involved 
in these steps are Q} = 5960 J; Q, =-5585J;Q,=- 2980 J and Q, = 3645 J. respectively. The corresponding 
quantities of work involved are W, = 2200 J; W, =- 825 J, W, = — 1100 J and W4 respectively (i) Find the 
value of W4, (ii) what is the efficiency of the cyclic. [L I. T. 94] 
[Ans.(i) 765J (ii) 0-108] [ Hint: Total change in internal energy, AU = 0] 
The volume of a closed room is 0:02 m?. It contains a mixture of neon and argon at 27°C and at a pressure of 
105 Nm. Mass of the mixture = 28 g. If the molar mass of neon and argon be 20 g and 40 g / mole, calculate 
the mass of the gases separately. Assume both the gases be ideal R = 8:31 J mol! K-! 
[ Ans. Neon = 4:28 g, Argon = 23:92 g ] [ I. I. T. 1994] 
The mass of an iron cube of side 6 cm is 1-7 kg. Its temperature is increased from 80°C to 360°C. Calculate 
(i) external work and (ii) increase of internal energy. Given, sp. heat of iron = 46J kg !k-!, Co-efficient of 
volume expansion = 3:6 x 10-5 k~! and atmospheric pressure = 10 5N/ m?.[ Ans. (i) 0218 J (ii) 218-96 KJ ] 
8 g oxygen at 27°C and at normal pressure is enclosed in a cylinder fitted with frictionless piston. The following 
changes are effected on the gas. 
temperature is raised to 127°C at constant pressure. 
Then it is compressed isothermally so that the volumes becomes equal to the original volume. 
Finally, it is cooled at constant volume to make its final temperature equal to the initial temperature. 


Calculate : (1) the heat obserbed by the gas in the process (a) 


21. 


22. 


(ii) work done in process (a) 
(iii) work done on the gas in the process (b) 
(iv) heat rejected by the gas in the process (c) 

[ Ans. (i) 743:8 J, (ii) 207:8 J, (iii) - 239-1 J, (iv) 536J] 
18.A gas is taken through a cyclic process ABCA [ Fig 8.25] Calculate the work 
done in different parts of the process.[ Ans. (i)workdone along AB, W, = area 
ABDE = 25J 
(ii) Workdone along BC, W, = 0 
iii) Work done along CA, W3 =- 31-253] 
19.The density of a gas at 27°C and at a pressure of 105 N / m? is 1-775 kg / m?. 


150CC 400CC Its specific heat at constant pressure = 846 J kg 7! k-!, calculate the ratio of 
>y ; 
Fig : 8.25 specific heats of the gas. [ Ans. 1:29 ] 


20. One mol of an ideal gas having volume 6 litre and pressure 10 $ N / m? is 
compressed adiabatically to reduce its volume to 2 litre. Calculate the work done. [ Ans. 912 J ] [ L. I. T 1982] 
Three mole of an ideal gas initially at 300 K is expanded isothermally to P 
5 times its initial volume. Then it is heated at constant volume when its 
pressure becomes equal to its initial pressure. If during the whole process 
83:14 J heat is absorbed calculate the ratio of the two specific heats of 
the gas R = 8:31 J mol! K-!. [Ans. y= 1:42 ] [ Roorkee, 1990] 
2 mole of an ideal gas is taken through the cyclic process ABCDA [ Fig 
8.26 ]. Calculate the following quantities in the process. 
(i) total change of heat (ii) total work done (iii) change of internal 
energy [ L I. T. 1992 ] 
[Ans. (i) 1152 J, (ii) 1152J (ii) AU=0 ] 


latm 


23. 
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The pressure m monatonic gas is uniformly increased energy from 4 x 105 Pa to 8 x 105 Pa when its volume 
increases from 0:2 m? to 0:5 m? calculate the following : 
(i) work done by the gas (ii) increase of internal energy 
(iii) Amount of heat supplied (iv) molar heat capacity of the gas [ Roorkee, 1995 ] 
[Ans. (i) 1:8 x 105J (ii) 48x 1057 (iii) 66x 105 (iii) 17J mol -* K-! ] 
R R 


nR 
[ Hint : (ii) Cv ^7 7172757 2 [n - no of degrees of freedom ] 


25. 


AU- TOT -T)-C,(P,V, -P,V,) 
e QI QR 
Gv) Cm" TVER 
The volume of two mole of a monatomic ideal gas at 27°C is V. It is expanded adiabatically to double its 
volume. Calculate (i) final temperature of the gas (ii) change of internal energy and (iii) work done by the gas. 
[ Ans. (i) 189 k, (ii) AU =- 2767-48) (iii) 2767.48J] [LI T. 1996 ] 
The temperature of 20 g of oxygen is increased from 20°C to 100°C. If this change takes place (i) at constant 
volume (ii) at constant pressure, calculate the following quantities in both the cases : 
(a) Heat absorbed (b) change of internal energy and (c) work done by the gas. 
Given R = 2 cal mol"! K-! and C, of oxygen = 0:155 cal g^! °C! 
[ Ans. (a) AQ=248cal AW=0; AU -248Cal (b) AQ=347-2Cal; AU=248 Cal; 
AW 299-2 Cal ] 
14 g nitrogen is enclosed in a vessel at 27°C. How much heat is to be supplied to the gas to double the r.m.s 
velocity of gas molecules; Given Avogadro's No = 6 x 10 23 / mole, Boltzman constant K = 1:38 x 107 Jk! 


ES C,-2R [ Ans. 9316] 


KINETIC THEORY OF GASES 


TOPICS : Experimental evidence in support of Kinetic theory of gases; Brownian 
motion; Basic assumptions of Kinetic theory of gases; Mean velocity and root mean square 
velocity of gas molecules; Explanation of pressure of an ideal gas according to Kinetic 
theory of gases; Pressure of an ideal gas according to Kinetic theory; R. M. S. velocity, 
Relation between pressure and Kinetic energy of a gas; Kinetic energy of one mole ideal 
gas; Kinetic interpretation of temperature; Deduction of the perfect gas laws from the Kinetic 
theory; Limitation of ideal gas law; Vander Waal's equation; Mean free path; Examples. 


9.1. Introduction : 


Any matter— solid, liquid or gas — composed of large number of tiny particles called molecules. A 
molecule is a smallest unit having all the chemical properties of the substance. Molecules of a particular 
substance are all alike, but molecules of different substance are different. 

Each molecule of a substance attracts other molecules towards it, and at the same time exerts a repulsive 
force to keep them at a fixed distance from itself. This mutual force of attraction or repulsion among the 
molecules of a substance are known as intermolecular force. From the observed differences in physical ` 
properties of solid, liquids and gases we can get an idea about the nature of intermolecular forces. Between 
any two adjacent molecules of a substance there is a gap called intermolecules space. 

The molecules of a solid substance are very closely packed and intermolecular separation is very 
small. So in solids the molecules have sufficient cohesion among themselves. So, the solids have difinite 
shape and volume, The molecules of a liquid are further apart than in a solid and exerts less intermolecular 
forces. They cannot easily leave the liquid but are free to move about any where in the liquid. This 
explains why a liquid has a definite volume, but no definite shape of its own. In a gas, the molecules are 
far apart from one another, the intermolecular forces are very feeble and the gas molecules are free to 
move over the entire space available. For these reasons, gases have neither any shape or any volume of its 
own. They readily assume the volume and shape of the vessel in which they are kept. 

A new theory was proposed which can adequately explain the thermal behaviour of molecules of a gas 
and be able to give a theoratical explanation of gas laws. This new theory is known as Kinetic theory of 
gases. This theory is bases on two fundamental hypothesis : (i) molecular structure of matter and (ii) 
identification of heat with energy. 

The first hypothesis was established by Dalton, Avogadro and others, while the second was established 
by the experiments of Rutherford, Joule and Meyer etc. The law of mechanics can be applied to gas 
molecules. Since heat is a kind of energy, the thermal properties of a gas can be related to the molecular 
motions. The observed behaviour of a gas results from the detailed behaviour of a large number of. 
molecules. The Kinetic theory of gases tries to develope a model of molecular behaviour which could 
explain the observed behaviour of an ideal gas. 

Boyle, Bernoulli, Joule, Clausius, Vandarwalls and Maxwell developed Kinetic theory. This theory is 
equally applicable to three states of matter. But here we shall discuss Kinetic theory of gases only. 

The gas molecules are in continuous motion due their thermal energy. This motion is irregular and 

' very fast. The phenomena of diffusion, osmosis, evaporation, vapour pressure, Brownian motion etc depends 
on molecular behaviour of molecules and can be explained from kinetic theory of gases. Brewnian motion 
is the direct prove of irregular and perpetual motion of molecules as assumed in kinet'c theory of 
gases, 
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9.2. Experimental evidences in favour of Kinetic theory of gases : 


Various observations have revealed that the molecules of a gas are in the state of incessant motion, 
The motion of the molecules cannot be seen directly as the molecules are too small to be visible. 

(i) If a drop of odourous oil falls in the corner of room, the smell at once spread throughout the 
room. It is due to diffusion of one gas into the other. 

(ii) The phenomena of evaporation and vaporisation are intimately related with the motion of 
molecules. When a liquid is heated the molecules of the liquid move more rapidly, As the temperature 
rises the motion becomes so rapid that some of the molecules escape out of the liquid. This is vaparisation 
of liquid. 

(iii) When a gas is placed in a vessel, the gas almost immediately occupies the volume of the vessel. 
This expansibility of gas proves that the molecules are in irregular and randam motion. Due to this motion 
of the molecules, the gas molecules spread out through out the vessel rapidly. 

(iv) English Botanist Robert Brown first observed the irregular motion of suspended particles ina 
liquid. This motion of suspended particle in a liquid is called Brownian motion. 


9.3. Brownian motion : 


Brownian motion first observed by British Botanist Robert Brown is a phenomenon related to the 
irregular motion of suspended small particles ( Pollen grains) in a liquid. If 
provides one of the most direct visual evidences of molecular motion. 

Robert Brown discovered that when fine pollen grains suspended in water 
are viewed under a high power microscope, they appear to be continuously 
agitated and make a succession of quick jumps first one way and then another. 
This random motion of the particles goes on for ever and shows no sign of 
abatement. This is called Brownian motion. The possible path followed by a 
single particle is shown in fig. 9.1. 

Later it was found that the phenomenon is a general one. Any kind of fine 
particles suspended in both liquid and gases exhibit such motion. 

Definition : Brownian motion is phenomenon in which tiny particles ( diameter of the order of 
10° m ) suspended in a liquid or in a gas are found to move continously and perpetually ina 
completely random manner making zig-zag straight line paths. 


Fig: 91 


Characteristics of Brownian motion : 

(i) The motion is spontaneous, perpetual, completely random and irregular. In general any two 
particles do not possess identical motion. 3 £ 

Gi) The motion becomes move vigorous with the rise of temperature. , 

(iii) The motion is independent of the motion of the vessel. 

(iv). Less the viscosity of the liquid, the more is the motion. 

(v) Smaller the particle, the motion becomes more rapid. 

(vi) The motion is not afflected by magnetic or electric field. 

Explanation of Brownian motion ; After the discovery of the motion, initially it was thought that 
the reason behind the motion may be some chemical reaction, irregular temperature variation, surface 


7. tension of the liquid etc. But from different experiments it has been proved that the motion is due to some 


mm p " . n " 

other Teasen. The correct explanation is provided from Kinetic theory. : 
According to kinetic theory, the irregular motion is due to the bombardment from different directions 

by the molecules of the surrounding gas or liquid. If the particle is fairly large, the forces due to the 

impact of the molecules will balance each other and the net force on the particle is zero. So the particle 

remains at rest. For this reason, a piece of wood floating-on water does not exhibit Brownian motion. 


When the particle is very small, a net force due to molecular impacts acts on the particle. Since the impact 
Phy (D—42 
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is quite random, the motion of the suspended particle is completely irregular. Obviously, smaller the 
particles vigorous will be the motion. Also with the rise of temperature, the motion becomes very rapid. 

Demonstration of the motion : To observe the 
Brownian motion of suspended particles, the following 
simple experiment may be performed. The experimental 
arrangement is shown in fig 9.2. G is a small glass vessel 
in which a small amount of smoke is taken. The glass vessel 
is strongly illuminated from one side by focussing light by 
a convex lens from a bright source of light. In this way the 
smoke particles are illuminated and they are viewed from 
above by a high power microscope (M). The small smoke 
particles will appear as bright spicks of light executing completely random irregular motion. 

Similarly, Brownian motion in liquid can also be observed. In that case we have to take colloidal 
solution in the vessel. 


Fig: 92 


9.4. Basic Assumptions of Kinetic theory of gas : 

From the observation of Browmian motion, it is evident that the molecules of a gas are in incessant 
and irreguler motion. The kinetic theory of gases attempts to explain the behaviour of gases on the basis 
of this picture. This theory is based on the following assumptions as regards to the motion of molecules 
and the nature of the gases. 

(1) A gas is composed of large number of molecules. The molecules of a particular gas are identical 
in all respects but molecules of different gases are different. 

(2) The molecules of a gas are in a state of continuous random motion in all directions and the 
magnitude of velocities may vary from zero to infinity. 

(3) During motion, the molecules collide among themselves and with the walls of the container. 
Between any two collisions, the molecule travel along a straight line with uniform velocity. Between two 
successive collisions the distance travelled by a particle is called free path. 

(4) These collisions are perfectly elastic. So both momentum and kinetic energy is conserved in such 
collisions. 

(5) No force of attraction or repulsion act between the molecules. It means that energy of the gas is 
entirely kinetic. 

(6). Though the molecules collide against each other and with the wall of the container, yet in the 
steady state the molecular density of the gas i.e. the number of molecules per unit volume of the gas 
remains constant. 

It is to be noted that the gases for which the above assumptions are valid are called ideal gases. 


9.5. Mean velocity and root mean square velocity of gas molecules : 


Mean Velocity : Let a closed vessel contains n number of molecules of a gas. If the velocities of the 


1 dt GIC ME +C 
molecules be C}, C5, ... ... , C, respectively, the mean velocity is C = 


n 
Mean square velocity : The mean square velocity is defined as the mean of the square of all the 
molecular velocities. It is denoted by C? 


2 2 2 
(c ONE dC5 Recte a orm 
n 
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Root mean square velocity : The square root of the mean square velocity ( r. m. s ) is known as root 
mean square velocity. It is denoted by C 


c, 4c = CREDE z 


n 


n 
Now, suppose that in a volume of a gas there are n, molecules with velocity Cj, ny molecules with 
velocity C, and so on. The total number n of the molecules is. n — m +My +.....-... +n 


Then the mean velocity C is defined by the relation Ge es ag Bi 


2 2 
Phi a7 nC, nC. 
The mean square velocity is defined as C? ==) 72-2 77777 
n 


and r»ot mean square velocity C 24 C2 


It is to be noted that r-m.s velocity of-gas molecules is not identical with the mean velocity. We take 
an example, we consider three molecules having velocities 15, — 20 and 30 m/s. 


— 16-20+30 
*, mean velocity C. TT =11-33m/s 


2 2 2 
* r, m.s velocity co EE =22-77m/s 


9.6. Explanation of pressure of an ideal gas according to Kinetic theory of gases : 


According to the kinetic theory of gases, the molecules of a gas in a vessel are in irregular motion. 
They Collide elastically with the walls of the vessel. After collision the molecules rebounds with the 
same velocity. After each collision there is change of momentum. This change of momentum of a molecule 
multiplied by collision frequency ( i.e. number of collisions per sec ) is the force exerted by the molecules 
on the wall. This force divided by the area of the wall gives the pressure exerted on the wall by the gas 
molecules. 

Now, with the increase of temperature the molecular velocity and collision frequency both increases. 
As a result rate of change of momentum i.e. the force exerted on the wall also increases, So, the pressure 
exerted on the wall also increases. This is the explanation of pressure of a gas from kinetic theory. 


9.7. Pressure of an ideal gas according to Kinetic theory : 


In 1848 Joule derived an expression for the pressure of an Y 
ideal gas on the basis of the assumptions of kinetic theory of 
gases. 


We consider a cubical vessel of side /. It contains a gas whose 
number of molecules is N [Fig 9.3]. The molecules and the wall 
of the vessel is perfectly elastic. Out of all there molecules we 
consider a single molecule. Let at any instant the velocity ofthis — — 


----— 


particular molecule is C with components u, v and w along three Z è 
axes. X-, Y- and Z- axis respectively. Hence Uu 
C =u +y tw? Fig: 93 


The velocity component u is along X-axis and also perpendicular to the side A of the vessel. The 
Corresponding component of momentum before collision is mu and after collision it is — mu because the 
collision is elastic. So, the change of momentum after one collision =- mu — (mu) - — 2mu. 
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After impact with the surface, it rebounds and move towards the opposite surface A,. It takes time 
2l : TA 
t=— to go from A to A, and again to A. So the time interval between two successive collisions on the 
u 
27 
surface A is q 8 


u 
So the number of collisions per sec in A= 3l 


-2m) -mj? 
Change of momentum per sec = — 2mu (=) = a. TE 
Now, the rate of change of momentum is the force. Therefore force exerted by the wall of the vessel 
mu? 
on the gas molecule along X-axis is F, = ger 


According to Newton's third law of motion, the molecules also exerts an equal but opposite force on 
the wall of the vessel. Therefore, the force exerted by the gas molecule on the walls of the container along 
2mu? 


X-axis is F; =-F, = 


So, the pressure exerted by the gas molecule along X-axis on surface A is 


Next we consider N number of molecules of the gas. All molecules have different velocities and their 
velocity components along OX will also be different. Let X- components of the velocities of the molecules 


be 4,5, u, SO the total pressure on the wall A along X-axis is 
E 25492 LT 2 
Py gi FUS Eass ent )m ru +u? + PE +u?) f ver] 


Now, let Y- components of the velocities of the molecules be. vj, v», ........ Vn 
Total pressure on the wall B perpendicular to Y - axis is 


Similarly, total pressure on the wall C perpendicular to Z-axis is 

mm (wi? + w? + m w 2 22 (w, tw, 
I v 

Since the gas exerts equal pressure in all directions, so P,= Py = P, = P (say) 


1 
OP Bale, FPE P.) 


lm 
sy lu? tw DES Uy?) + (v + 22+ So vy) + Q0 +w? +... Wy?)] 
lm 
HF lu? m e 2) Qu! + vp? +?) + Eni +(u,? * v? w,?)] 
lm E 
Sa (6)? +e? +... Cy?) =—- 2 NC2[C=rmss 
3V 2V 
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1 2 
np 3m c. ore en (9.1) [n no. of molecules per unit volume ] 
LM oe 
RD c= 3 Pc'^ [ mn = M = Total mass of gas and p = density of the gas ] 
21-4 
LLL BENE e vence EE. (9.1) 


Example 9.1: Calculate the r. m. s. velocity of nitrogen molecule at N T P. Given density of 
nitrogen at NTP = 1.25 x 10 ` g/c.c. 


Solution : The required relation is C= SP 
y P 


e [3x1-013 x4 £ 
oV  0-00125 


9.8. R. M. S. velocity, temperature and molecular weight : 


=4-93x10° cm/s 


From kinetic theory of gases, the pressure of an ideal gas is P= je 


3P POUR 
Tueis n Now, from ideal gas equation , PM 


3RT "Hl 
C= [oS and Ca- 
M CavT IM 
So, r. m. s. speed is directly proportional to the absolute temperature of the gas and it is inversely 
propotional to the square root of the molecular weight of the gas. 
Ex. 9.2 : At what temperature r. m. s. speed of nitrogen molecule be double the r. m. s. speed at 
oc? 
Solution : If the r. m. s. be C then Ca VT 


T 
e A. ^ T-24T, 
To 


s Te 273 x4= 1092 K 
. The required temperature is t = 819° C 
Ex. 9.3: The r. m. s. speed of hydrogen molecule at a certain temperature is 5x 10° cm/s, What 
will be the r. m. s. speed of oxygen molecule at the same temperature. 
C M 
Solution : r. m. s. Rs Eu e 


JM ^ €, YM, 


c, sefii e ss «E -xo 1.25x 105 cm/s 


. r. m. s. speed of the oxygen molecule = 1:25 x 10? cm /s 


9.9, Relation between pressure and kinetic energy of a gas : 
From th ion 9.1 p=} Dui baeg 
m the equation 9.1, ps 3*3 3 


2 i ^ 2 
^n P= 3* ( average kinetic energy per unit volume ) 
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Ex. 9.4 : The density of a gas in 1°25 x 19? g/ €.c and r. m. s. speed is 5 x 10° m / s. Calculate; 
(i) average kinetic energy of a molecule, (ii) pressure of the gas. 


Solution : (i) Kinetic energy per unit volume, =5pe? 
2 
E =5x1-25 x10? x (5x 104) = 15-625 x 10°erg/c.c. 


2 2 
-. (ii) Pressure of the gas, P= SE => x 15-625 x10° 


P = 10-42 x 10° dyne / cm? 


9.10. Kinetic energy of one mole ideal gas : 
The number of molecules in the gas is N, where N is the Avogadro’s number. Let mass of each 


mokaik Em and their individual velocities be C),Cy,....... . Cy. The kinetic energy of the molecule 
1 1 1 
are respectively. E, mod CH" B; Ern par Bg E afirma, etia so on. 


So the total kinetic energy of N molecules is 
EZE EES CU Neun * EN 


1 
ay MNC? [C=r.m.s. velocity of the molecules ] 
1 


2 
= 2 MC [ M = molecular mass ] 
1 SRS 
ZH md TIBUS EER By. Ro EN (9.2) [R = molar gas constant ] 
e 7 3R 3 
*. Average kinetic energy of single molecule, E; TN LS loco p 0 ECT (9.3) 


where K = Boltzmann constant. 
Ex. 9.5: Calculate kinetic energy of 1 g of hydrogen gas at 50°C. Given, molecular mass of 
hydrogen = 2 and R = 83 J mor! K^! erg mol C7), 


Solution : Kinetic energy of one mole gas, E =SRT 


Anta (pes 
. Kinetic energy 1 g hydrogen gas is E xy -IRT 


B= 2x 8:31x323=2 x 109J 
Ex. 9.6 : The average kinetic energy of one hydrogen molecule at 0°C is 5:64 x 10 7^ erg. Calculate 
Avogadro's number. Given R = 8:32 x 10” erg mol K! 


Solution : The required reaction is E, ET 


3 RT 3, 832x107 x273 


. Avogadro's number, N= 
2'B| 2° s64x10714 


N = 644 x 107° 
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9.11. Kinetic Interpretation of temperature 


From the assumptions of kinetic theory of gases we know that the gas molecules are in incessant 
motion in all directions and there is no attraction or repulsion between the molecules of the gas. Also 


E , 3 
kinetic energy of one gas molecule is E; 225 So the kinetic energy of a molecule is proportional to 
absolute temperature of the gas. 
As the gas molecules have no attraction between them, they have no potential energy. So total energy 
of gas is equal to kinetic energy of the molecules. Hence the kinetic energy of a gas molecule is proportional 


to the absolute temperature of the gas. Higher the temperature, higher is the kinetic energy. Temperature 
is the measure of kinetic energy of gas molecules. It is the kinetic interpretation of temperature. 


When T = 0 K, kinetic energy is zero. At this temperature of the gas, molecules are motionless. This 
temperature is called absolute zero of temperature. 


9.12. Deduction of the perfect gas laws from the kinetic theory 
(A) Boyle's law : From kinetic theory P Im pe 
PV = : 


53 
Now, if the temperature is constant r. m. s. speed of gas molecules will remain constant. Hence at 


1 
Voc? ume [ m = mass of the gas ] 


1 
constant temperature. PV = Constant ~. V S B When T = Constant. This is Boyle's law. 


(B) Charle's law : From kinetic theory PV -i mc? 


Here m = mass of the gas and C= r. m. s. speed. 


- ab -. PVa T 
Now, if pressure is constant, V œ T. So, at constant pressure, volume of a given mass of any gas is 
proportional to its absolute temperature. This is Charle's law. 
(C) Avogadro hypothesis : According to Avogadro's hypothesis, under the same condition of 
temperature and pressure, equal volumes of all gases contains equal number of molecules. 


To obtain this hypothesis from kinetic theory of gases, we take two different gases. Their pressure, 
temperature and volume are same represented by P, T and V respectively. Let in the case of the first gas, 
its V volume contents n, number of molecules and mass of each molecule is my. The corresponding 
quantities for the second gas of volume V are n and mp. Then according to kinetic theory of gases. 


1 1 
BY -3mmej hes: myMC” MARNE S ror Ios .) 


C, and C, are r. m. s. velocities of two gases. 
Now, both the gases are at same temperature. So, average kinetic energy of one molecule is same for 


both the gases ~. ime? =i me? lex T E E Gi) 


Hence from equation (i) and (ii), 7 775. It is Avogadro's hypothesis. 
9.13. Limitation of ideal gas law : Vander waal's equation 


We know that the combination of Boyle's law and Charle's law gives the equation of state 
For one mole ideal gas the equation of state is PV = RT. 


of ideal gas. 
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An ideal gas obeys this equation at all temperatures. But from experiment it is found that the perfect 
gas equation is inadequate to describe the behaviour of real gases. They are found to obey the ideal gas 
equation at low pressure and at very high temperature. 

Van der waal was the first to modify the equation of state by disregarding some of the simpling 
assumptions. He took into consideration two factors, namely : (i) mutual attraction between to molecules 
and (ii) finite size of the molecules. We shall see that the first factor leads to an increase over observed 
pressure and the second to a reduction of the effective volume. 


(i) Correction due to intermolecular attraction : In kinetic theory gases it is assumed that the gas 
molecules do not exert any force of attraction in each other. But actually, the molecule of real gas exert 
some force of attraction on each other. This force is supposed to be very small. When a molecule is inside 
the vessel it is attracted by other neighbouring molecules for all direction. The net force on the molecule 
is zero. But when the molecule is near the wall of the vessel, the molecule experiences a force towards the 
inner side of the vessel. So the speed of a molecule is slightly reduced before it hits the wall. As a result, 
the velocity of impact in the wall is slightly less. Due to presence of intermoleculer force, the pressure 
exerted by the molecules in the wall is smaller than predicted by ideal gas equation. 

Vander waal proved that this decrease of pressure is P^ = a / V 

Actual pressure due to the gas on the wall = P + P’=P +a/ v? 

Here 'a' is a constant whose value depends on nature of the gas and V is the volume of the vessel. 

(ii) Correction due to finite size of the molecules : In Kinetic theory of gases it is assumed that gas 
molecules are point masses and their volume is negligible compared to the volume of the vessel. According 
to Vander waal, the volume of the gas molecules should be considered, because although the molecules 
are very small, but their volume is not negligible. So, the volume available to a gas molecule is less than 
V, where V is the actual volume of the vessel. If b be the decrease in volume, effect volume is 
v= (V-b) 


‘s modified gas equation given by Van-der-waal is (r rhy- ERE PE eon: (9.6) 
It is for one mole of the gas. 
9.14. Mean free path : 


Kinetic theory assumes that the molecules of a gas are in random motion with in the vessel. They 
collide against each other and also against the wall. As there is no force of attraction between the molecules, 
the distance travelled by each molecule between two successive collisions is a straight line and the molecules 
travel along straight line between any two collisions. This distance is called free path. 


Definition : The distance which a molecule in a gas travels between successive collisions its free 
paths. 


The free paths are, however, not all equal, The average value of free paths of all molecules in a given 
mass of gas is called the mean free path. If the total distance travelled by a molecule between n consecutive 


collision is ‘d’, then the mean free path ( À ) of the molecule is given by A AE 
n 


1 


The expression for the mean free path as established by clausius is A 2 ——— .......... (i) 
no^N 
Where N = Number of molecules per unit volume of the gas and 6 = molecular diameter. 
Since mN = p, the density of the gas we can write, À = ^ OUEST oes Sa cee (ii) 
no^p 

Bol : : 3 EN 0:75m ee 

oltzmen establised the following expression for mean free path À = ae eas sic! (iii) 
4no0^N no?p 
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Later or, Maxwell determined a more exact expression for the mean free path. The expression is : 
EL 0-707 _ 0-707m A 
R= = = 2 Eke i 
fino]N no N nop 2h LE AO M LOEOTUREE To Dav SU hh (v) 
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Example 9.7: Ther. m. s. velocity of the molecules of an ideal gas at N T P is 0-5 km/s. Calculate 

the density of the gas. Normal atmospheric pressure = 10° Nm '. If the temperature of the gas is 

raised to 21°C at constant pressure, what will be its density ? LJ. E. E. 1983] 
Solution : 1st Part : The required relation for r, m. s. velocity is Co= Lo 


sp. 3I 
a 
Cy (0:5x10°) 


density of the gas at N. T. P. = 12 kg m? 


. pz -p2kgm? 


2nd JT €, T, 
nd Part: CavT “= - TA 
Cy Yo 
Po _ [i To 273 
on — 744 o7 PBiTPoQqu > =1-2x —— =1-1k m^? 
1 Vh TOM Tutos 

Ex. 9.8 : The mass of hydrogen molecule is 3.32 x 197 kg. If 10? » 
molecules strike over an area of 2cm“ of a wall at an angle of 45" with a 
velocity of 10 cm/sec. How much force is exerted on the wall.? 0 

N“ 


f velocity of the molécule normal to the wall before 


Solution : Component o 
f velocity of the molecule after collision 


collision = v cos 0 and the components 0 
in the same direction = — V COS 8 
Change of velocity =—¥ cos @— (v cos®) = ~ 2v.cos8 
Change of momentum per collision =- 2mv cos Fig. 94 
Rate of change of momentum i.e. the force exerted by the wall on the molecules 
=2 mvNcos0 [N= Collision frequency J 


Force exerted by the molecules on the wall is 
F =2 mv N. cos® m23:32x107 
22 3-32 x 10777 x 10? x 107 -00845° v=10° m/s 


=0:468 N N 210? 
F 0.468 3 2 

Pressure exerted on the wallis P nece 2.34x 10 N / m 
A 2x10 

ains 270 x 10 25 number of molecules. Calculate the 


Ex 99: At N. T. P. 1 m? of air cont 
K and pressure 1:33 x 10 Nim, JM 


m? air at a temperature of 223 


number of molecules in 1 
olecules in [1 Atm = 101 x 10 Nim ] 
1 3KT 
Solution : The pressure of a gas is given by P mn = em 
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P=nKT 
P n T, 
NETTO ng =2:70x10%; Ty = 273 
0; 0) 40 
mT Pi T, =223; P) =1-013x10° Nm? 
n =——x— 
deci ice, 


P, 21:33x 10^ Nm? 
n 5270x105 x 273 x 1:33 x 107* 
: 223 x 1-013 x 10 


^ The required number of molecules = 4:35 x 10° 


= 4:35 x 105 


Ex. 9.10 : Calculate r. m. s. velocity of smoke particles executing Browmian motion at N. T. P. 
Mass of a particle is 5 x 1072” g, Boltzmann constant = 1:38 x 107 J K ^! [ Roorkee, 82] 


3RT 3KT 
Solution : We know Vrms = ETH = Lc 
3x 1-38 x 107 x 273 N fs 
"ms = J 55 —— = 15 10 ms™" = 1-5 ems 
5x 107 


Ex. 9.11 : At what temperature r. m. s velocity of nitrogen molecule be equal to the escape 
velocity from earth ? Mass of nitrogen molecule is 4-65 x 10 ~~? gm, radius of the earth 6370 km 
and Boltzmann constant = 1-37 x 107 JK, 


Solution : r. m. s velocity, C= [RE and escape velocity, Ve 2 J2gR 
m 

. By question, = JR o. Tod 

m 3K 

pa 2X9:8x 6370 x 10? x 4.65 x 1076 

= PL 


3x137 x10? 
The required temperature = 1:41 x 10° K, 


=1-41x10°K 


Ex. 9.12 : At what temperature r, m. s velocity of oxygen molecule the equal to r. m. s. velocity 
of hydrogen molecule at 150°C ? 


. " 3RT M T [M; 
Solution : The required relation, V=j—— |. —=,/—.,J—*+ 
T VM V, Yn Y M, 


In thi ye ae AN TM. 
n is case, Vi = V, g T, M, x 25M, 1 


32 
T; 53 x (273 + 150) = 6768 K 
The required temperature = 6495°C 
Ex. 9.13 : The volume and pressure of two moles of an ideal gas in V and P respectively. 


Another 1 mol ideal gas having volume 2 V exerts the same pressure P. Molecular mass of the 
second gas is 16 times more than that of the first gas. Compare the r. m. s velocity of the two gases. 
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Solution : r. m. s velocity ve PE = pe 
M M 
j Nl [3 Mi (f.p. 
Hence for the two gases, », "dv, cvm [: P, 2 5] 


M 
Here, V, =>» Vo TAVAN EAGM; 


yi. (Vier i 
Qe —2d4—— 6 2.— = B z 
«Ee 45472 cs iem, 

Ex. 9.14 : A gas is enclosed in a vessel. It temperature is 300 K and pressure 107 em Hg. 
Calculate the number of molecules per unit volume of the gas. Boltzmann constant K = 1:38 x19? 
JK; Avogadro's No, N = 6-023 x 10° and R = 831 J mor! K”. 


Solution : Pressure P=n KT [n= number of molecules per unit volume ] 


P P 107^ cm Hg 
cim = 107! x 13600 x 9:82 13:33 x 1077 N / m? 
13-33 x 107 x10% 831x107 — E 
Q2 A322 10" AA z1:38x10 
1:38 x 300 6:023 
T=300 K 


^. No. of molecules per unit volume = 3:22 x 10° 

Ex. 9.15 : The temperature of a planet is 427°C and density 5*5 x 10° Kg m^. It oxygen gas can 
stay in the planets atmosphere then what should be the minimum radius of the planet. Given, G = 
667x10! Nm? Kg ^ and R = 8:31 J mol” Kr 

Solution : Escape velocity from a planet of mass M and radius r is 


Now, r. m. s velocity of a gas molecule, C= 


Here M, = Molecular mass of the gas, T= absolute temperature of the gas, 


Now, by question, v, = € 


ee [2k | 9RT 

EGrrp= |2 n r= 

Cis M 8GnpM, 
| :13x 700 

Ee 9x8-13x7l ; = mau 
8x6.67x107!! x3:14x5:5x10* x32x10 ^ 


2421 x 10° m = 421 km 
Ex. 9.16 : A vessel of volume 4 litre contains gas mixture of 8 g oxygen, 14g nitrogen and 22 g 

carbon dioxide. If the temperature of the mixture is 27°C, calculate the pressure of the gas. í 
(R = 831 J mol K^) 
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Solution : We know, P — MY 


m m, 
(mee mene 


-, Total pressure, P=Po, *Pw, +Pco, “Vy My My Mc 


-M(4 4,2) Se = 5. 8:31 300 _ 7.79 x 10° Nem? 
V N32 28 44 4 V 4 4x10 


e SHORT ANSWER TYPE QUESTIONS ( With Answers ) € 


Q. 1. What is meant by *molar gas constant’ R= 8:31 J mo K“ ? 

Ans. Molar gas constant or universal gas constant means the amount of work done to raise the 
temperature of 1 mole gas by | K. Hence R = 8315 mol! K^! means that to raise the temperture of 1 
mole of an ideal gas by 1 K, 8:31 Joule of work has to be done. 

Q. 2. The pressure of some amount of gas at 200K temperature is 1-0 x 1 
number of molecules in 1 c.c. of the gas. 


PV. 1-013x10? x 107 | -3 DUE 
nsa esee et P10 att: 0135€ 10 INI 
Ans. No. of moles, ” RT 8.31x 200 


0? atm. Calculate the 


. n2 61x10 5 mole 
« ‘Wo of molecules in 1 cio: of the gas 6d x10 x 6009 x 10> = 308 x 10. 


Q. 3. Why real gases do not obey Boyles’ law ? 

Ans. Only ideal gases obey Boyles' law. According to Kinetic theory ideal gas molecules do not exert 
any attraction or repulsion on each other and their volume is negligible compared to the volume of the 
vessel. These assumptions are not applicable to real gases. Because in the real gases, the molecules exert 
some force on each other and their volume is not negligible compared to the volume of the vessel. For 
these reason, real gases do not obey Boyles' law which is applicable to ideal gases. 

Q. 4. What are the limitation of Boyles’ law and Charles’ law T7 

Ans. Only ideal gas strictly obeys Boyles' law and Charles' law always. Real gases do not obey 
Boyles' and Charles' law all the time. Only at a very low pressure and high temperature, real gases obey 


Boyles' law and Charles' law. 
Q. 5. Why does the pressure of gas increases when it is heated ? 
Ans. When a gas is heat its temperature rises. Kinetic energy of the molecules also increases. Now, 


4 
pressure of a gas is given by P =a x Kinetic energy per unit volume. 


Hence as kinetic energy increases, the pressure of the gas also increases. 
Q. 6. If the absolute temperature of a gas is increased 4 times, what is the change in r. m. s. 


velocity of the gas molecules. 
Ans. We know that r. m. s. velocity of gas molecules is proportional to the square root of absolute 


temperature of the gas. So Ca VT 


n » 
c^ pode 5:€52:2:€ 


So, if the absolute temperature is increased 4 time, r. m. s. velocity increases 2 times. 
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Q. 7. What is the Kinetic interpretation of temperature ? 

Ans. Vide Art. 9.11. 

Q. 8. Different ideal gases are at the same temperature. Will their r. m. s. velocities be equal ? 
Ans. Ther. m. s. velocities of different gases will not be equal, although their temperatures are same. 


Reason : r. m. s. velocity v is given by v ER so, if t ture i tant, V & : 
Sr. m. S. =,/—— so, if temperature is constant, >=. 
UM id JM 


So, at constant temperature r. m. s. velocity is inversly proportional to the molecular weight of the gas. 

Q. 9. Why does the temperature of a gas rises if it is suddenly compressed ? 

Ans. When a gas is compressed, some work is done on the gas. Due to this work done kinetic energy 
of gas molecules increased. As temperature is directly proportional to the average kinetic energy of the 
molecules, so with increase of kinetic energy of the molecules, its temperature rises. 


Q. 10. Equal masses of a monatomic gas and a diatomic gas are at same temperature. Now, they 
are given equal amount of heat, which one of the two gases will undergo greater temperature rise? 
Solution : Monatomic gas only possesses translation kinetic and have negligible rotational energy. So, 


3 
the average kinetic energy of a monatomic gas is E,= EUM here K is Boltzman constant and T is the 


absolute temperature. 
But a diatomic gas has both translational and rotational kinetic energy. So, total kinetic energy of a 


2 : ERU 
diatomic gas molecule is E, 7 EU. Now, let the monatomic gas is given Q amount of heat at constant 


3 
volume and the temperature rises by AT,. Then Q dm K. AT. 


and if AT, be the temperature rise of diatomic gas at constant volume due to the same quantity of heat 


5 
given to it, Q RS K. AT, 
3 5 An 5 2 
SIKEAn-IEAL + mm 3 5 8834 


z. Rise of temperature will be more monatomic gas. 

Q. 11. Why light gases like hydrogen and helium are rare in earth's atmosphere. 

Ans. Escape velocity from the earth's surface is 11-2 km/sec. Initially at the time of formation of the 
earth, temperature of earth was very high and r. m. s. velocities of the molecules of light gases like 
hydrogen and helium was also high. Although this r. m. s. velocity was less than escape velocity from the 
earth's surface, but some of the hydrogen molecules might have inidividual velocity more than escape 
velocity, These molecules have escaped from earth's atmosphere. For this reason light gases like hydrogen 
and helium'are rarer in earth's atmosphere. 

Q. 12. Three vessel of equal volume contains three different gases at the same temperature and 
pressure. First vessel contains monatomic neon gas, second vessel contain diatomic chlorine gas and 
the third vessel contain polyatomic uranium hexafloride. 

(i) Do the vessels contain equal to molecules ? 

Gi) Are the r. m. s. velocities of the three gases of the vessel. 

Ans. (i) All the three vessels contain equal number of molecules. d 

Reason : By Avogadro's hypothesis we know that equal volume of all gases at the same contains 0 
temperature and pressure contain equal number of molecules. 
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(ii) But the r. m.s. velocity of different gas molecules will be different. Because : r. m. s. velocity 


ES 1 
=. |e C= 
c 2 DUO s 


So, r. m. s. velocity depends on mass of the molecule. Heavier the mass less is the r. m. s. velocity at 
the same temperature. Of the given three gases neon is lightest. So, r. m. s. velocity of neon gas molecules 


will be greater. 


A. Short answer type questions : E 


1. What is an ideal gas from kinetic theory of gases ? [ J. E. E. 2002 ] 
2. What is meant by Brownian motion ? How it is explained for kinetic theory of gases ? [ H. S. 1998 ] 
3. What are the difference between ideal gases and real gases ? Under what condition real gases behave as 
ideal gases ? 
4. Draw ( PV-P) diagram for a ideal gases and for real gases. 
5. The volumes and pressures of two gases are equal. What is the relation between the kinetic energies of a 
molecule of the two gases ? 
6. Show that if tempertures of two gases are equal, the average kinetic energies of the molecules of the two 
gases will be equal. 
7. Show that the average kinetic energy of a molecule of a gas does not depend on the nature of the gas. 
8. Why do real gases behave as ideal gases at very low press ire ? 
9. What is meant by average velocity agd r. m. s. velocity of.gas molecules ? 
10. Why the ideal gas molecules do not possess potential energy ? 
11. What is the interpretation of pressure of a gas from kinetic theory ? Why pressure of a gas increases with 
rise of temperature ? 
12. What is the kinetic interpretation of temperature ? 
13. Whatis Boltzmann constant ? Show that kinetic energy of ideal gas depends on temperature and not on the 
nature of the gas. 
14. The molecules of different gases have same translational kinetic energy, will their temperatures be equal ? 
Explain from kinetic theory of gases. 
15. Will the r. m. s. velocities of oxygen and hydrogen gas molecules be equal at equal tempertaure ? 
[ J. E. E. 1998] 
16. If the absolute temperature of a gas be increased four times, how do the following quantities change? 
(i) r. m. s. velocity of gas molecules (ii) total energy (iii) pressure of the gas. 
17. At N. T. P. you are given 1 c.c. hydrogen and 1 c. c. oxygen which are will carry greater number of 
molecules ? 
18. Show that, at the same temperature molecules of different gases will have same kinetic energy. 
19. At what temperature r. m. s. velocity of a gas molecular be zero ? 
20. With rise of temperature of an enclosed gas, pressures rises, but with the lowering of temperature pressure 
decreases. Explain this from kinetic theory. 
21. Write down the Vander Waal real gas equation for one mole of the gas. 
22. What is mean free path ? write an expression for it. 


B. Essay type questions : 
1. What is meant by Brownian motion ? What are the characterises of such motions ? Set up a domonstrative 
experiment on Brownian motion. 
2. (a) What is meant by Kinetic theory of gases ? 
(b) What are the assumptions of kinetic theory of gases ? [ H. S. 2001 J 
3. (a) What is the explanation of pressure of a gas from kinetic theory ? 
(b) Derive the expression for the pressure of an ideal gas ? 


SIAM 
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(a) Obtain an expression for the kinetic energy of one mole of ideal gas. 

(b) Hence give the explanation for temperature of a gas. 

Set up an experimental evidence in favour of Kinetic theory of gases. [ H. S. 2000 ] 
What is Brownian motion ? Give its explanation from kinetic theory. [ H. S. 1998 ] 
Derive Boyles' law, Charles' law and Avogadro's hypothesis from kinetic theory. 

(a) What are the limitations of ideal gas laws ? 


(b) What correction are applied in ideal gas equation by Vander Waal to derive the equation of state of a 
real gas ? Write down the equation. 


(c) What is meant by free path and mean free path ? Write the different expressions for mean free path. 


C. Simple numerical problems : 


1. 
2. 
3. 


14. 


15. 


16. 


17. 


18. 


What is the volume of 1 mole of an ideal gas at N. T. P.? Rz 831 J mol K"[ Ans. 224 x 10? m ] 
Calculate the number of molecules continued in 1 c.c. of an ideal gas at N. T. P. [ Ans. 2:685 x 10! ] 
The density of an ideal gas at N. T. P. is 1:25 x 10? g/c.c. Calculate the molecular weight of the gas. 
[ Ans. 283 g mol’ ] 
An ideal gas of mass 0:177g occupies a volume of 1000 c.c. at N. T. P. What is the r. m. s. velocity of pas 
molecule? [R= 831 J mol "KJ [ Ans. 1300 ms ] 
At 0°C, the pressure 'of 1 c.c. ideal gas is 10? mm Hg. What is the number of molecules in it ? 
[ Ans. 3:53 x 10] 
Two vessels of volume V and 2 V contain air of equal mass. The temperature of the first vessel is 300 K and 


that of the second is 600 K. Calculate the ratio of the pressures in the two vessels. [Ans. 1 : 1] 
Average kinetic energy of one molecule of air is 6'4 x 107! J. Calculate temperature of air, Boltzman 
constant K2138x 10? J k^ [ Ans. 310 K ] 


A vessel contains 14 g hydrogen and 96 g oxygen at N. T. P. What is the volume of the vessel ? 
[1 Atm = 10x 105 Nm 7, R 2 831 J mol! K ! ] [ Ans. 021 m’ ] 
Calculate the kinetic energy of 1 mol of helium at 27°C. ( R = 831 J mor! k^! ] 
[ Ans. 3735J]  [H.S.'94] 
What is the kinetic energy of 20 g carbon-di-oxide at 27°C? [Rz 831J mor! K! ] [ Ans. 1699 J ] 
Calculate the increase of translational kinetic energy of one molecule of a gas due to a temperture rise of 
-1 -l 2 k -22 
5C? R=831 J mol k and N = 6023 x 10 E [ Ans. 1:035 x 10 ^J] 
Average kinetic energy of one molecule of hydrogen at 0°C is 5:64 x 10 J. Calculate Avogadro’s number 
R-831Jmol k [Ans 604 x10" ] 
A vessel of volume 1 litre contains 2:6 x 10? number of nitrogen molecule. Mass of each nitrogen atom is 
4:65 x 107? g and r. m. s. velocity 500 m/s. What is the pressure of the gas in the vessel ? P 
[ Ans. 9:95 x 10° Nm ^] 
At 30*C and at a pressure of 1 cm Hg, the volume of an ideal gas is 4 c.c. At this temperature, average 
kinetic energy one molecule is 4 x 10° erg. Calculate the number of molecules in the gas. Á 
[ Ans. 19x10 ] 


; -l-l f 
Calculate the internal energy of 2 g oxygen gas at N. T. P. Given R = 8:31 Jmol K  [Ans.3545J] 


[ Hint : U = m C,T, Cy=SR] 3 i 
The density of a gas at 0°C and at a pressure of 0:01 atm is 1:24 x 10° kg/m. Calculate (i) r. m. s. 
velocity of nitrog n (ii) molecular mass. [Ans.(i) 495 ms ~ (ii) 278] 
0-014 kg nitrogen gas is enclosed in a vessel at 27°C. How much heat has to be supplied to Br gas 2n that 
r. m. s. velocity of the gas molecules becames double ? Boltzman constant K=138x 10° SK and 


molecular mass of nitrogen = 28 Ten [ Ans. 9315 J] 
Calculate the r. m. s. velocity of oxygen molecule at 27°C. Given R = 831 J mol JS , atomic mass of 
oxygen = 16. [ Ans. 483 x 10° cm/s ] [ H. S. '91] 
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19. The average kinetic energy of a gas molecule at N. T. P. is 56 x 10^ ergs. Calculate the number of 
molecules in 1 c.c. of that gas. Density of mercury — 13:6 g / c.c. [ Ans. 3:498 x 10? ] 


2 
[ Hints : Pressure, P x kinetic energy per unit volume ] 


20. A vessel of volume 4 litre contains a mixture of 22 g carbon-di-oxide, 14 g nitrogen and 8 g oxygen gas. If 
the temperature of the mixture be 27°C, Calculate the pressure of the mixture of gases. 
[R =831 Jmol K] [Ans. 7:79 x 10 N / m ] 
A vessel of volume | litre contains 105 number of oxygen molecule. Mass of each oxygen molecule is 2:7 
x10? g and its r. m. s. speed 4 x 10* cm/s. Calculate the pressure of the gas. 
[ Ans. 1:44 x 10° Nm? ] 
22. A vessel of volume 1 litre contains an ideal gas at normal temperature and pressure. Calculate (i) number of 
molecular in the gas (ii) At what temperature of the gas, r. m. s. velocity of the gas molecule be double ? 
[ Ans. (i) 25 x 107), (ii) 1092-6 K ] 
23. A vessel is full of a gas at a pressure of 76 cm of Hg. At the same temperature more gas is added to the 
vessel so that the mass of the gas increases by 50 %. Calculate the pressure of the gas now. 
[ Ans, 114 cm Hg ] 
24. If the temperature of an enclosed gas is raised by 1%, the pressure of the gas increases by 0*4 %, What was 
the initial temperature of the gas ? [ Ans. 250 K ] 
25. Ther. m. s. velocity of hydrogen molecule at NTP is 1600 m/s. What will be the r. m. s. velocity of oxygen 
molecule under the same condition ? Molecular weights of oxygen and hydrogen are 32 and 2 respectively. 


21. 


= 


[ Ans..400 ms" ] 
26. The volume of 2 mols of hydrogen gas at a pressure P is 1:25 m°. 1 mol of oxygen gas of volume 2:5 m 
exerts the same pressure. Compare the r. m. s. velocities of hydrogen and oxygen. [Ans.2:1] 


27. A spherical vessel of radius 20 cm is full of 2 gm hydrogen gas and 3 g helium gas. If the temperature of 
the vessel be 22°C, calculate the pressure exerted on the wall of the vessel. 3 
[ Ans, 1:83 x 10° dynes / cm" ] 


D. Harder numerical problems : 
1. A vessel So volume 1 litre contains 10° number of nitrogen molecules. Mass of a molecule is 
465 x10 ~ g and r. m. s. velocity 5 x 10* cm/s. Calculate pressure and total kinetic energy of the gas. 
[ Ans. 9:69 x 10° Nm ^; 145 x 10 3] [ J. E. E. 1995] 
2. 1 mole oxygen at 23°C and 2 mole helium at 123°C is mixed together. What will be the temperature of the 


mixture ? [Ans 49*C][L.IE. T] 
3. The volume of an electric bulb is 250 c.c. It contains a gas at 27°C and at a pressure of 10? mm Hg. 
Calculate the number of molecules. [ Ans. 8:05 x 10! ] 


4. A mixture neon and argon gas is contained in a vessel of volume 0:02 m? at 27°C. Pressure of the gas 
mixture is 10° Nm ? and mass of the mixture is 28 g. The molecular Meni of neon and argon are 20 and 

40. Calculate the mass of each of the two gases. (R = 8:314 J mol! K^ )L Ans. 4 g, 24 g ] [ L I. T. 74] 

5. One mole argon at 27°C is mixture with 1 mole helium at 57°C. Calculate the temperature of the mixture. 
[ Ans. 42°C] 

6. At what temperature the average kinetic energy of a molecule be equal to the energy acquired by an electron 
while passing through a potential difference of 5 volt ? Boltzmann Constant, K = 1:38 x 10" 3 1 K^ and 


-1 
LeV 7 L6 x 10775] [ Ans. 38:65 x 10 K ] 
7. A vessel contains 64 g of oxygen at a temperature of 127°C. What energy be given to it so that r. m. s. 
velocity of a molecule be double the initial r. m. s. velocity. [ Ans. 49920 J ] 


8. The volume of a mixture of hydrogen and oxygen is 2 litres. Its temperature is 300 K, pressure 10° Nm 
and mass 0:76 g. Calculate the mass of oxygen and hydrogen in the mixture. 
[ Ans. Mass of hydrogen = 0-12 g and mass of oxygen = 0:64 g ] 
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9, The length of a barometer tube is 1 m and area of cross section 2 cm". The reading of the barometer is 75 
cm. When some oxygen is entered into the barometer, the mercury column drops by 5 cm. What is the mass 
of that oxygen ? Assume, temperature is 27°C, density of mercury 13600 kg / m? and g = 10 ms? ` 

[ Ans. 524 x 10° g ] 

10. A vessel of volume 8:0 x 10° m° contains an ideal gas. The pressure of the gas is 2x 10° Nm” and its 


temperature is 300K. When some gas escapes pressure drops to 1-25 x 10 ^ Nm_. If the temperature 
remains constant, calculate the mass of the escaped gas. [ Ans. 0:24 mole ] 


11. If the temperature of different layers of atmosphere be at same temperature, obtain the expression for the 
variation of pressure with height from the earth's surface. Average molecular weight of air is M. 


[ Ans, P= poe MehRT] 
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TRANSMISSION OF HEAT 


TOPICS : Transmission of heat; Thermal Conductivity; Thermal resistance; Variable 
state and Thermal Diffusivity; Comparison of Thermal Conductivities; Ingerhansz's 
Experiment; Conduction through composite slab : equivalent conductivity; Conduction of 
heat through a slab of variable thickness : freezing of ponds; Temperature gradient along a 
heated metal bar at steady state ; Determination of thermal conductivity of good conductor 
by Searle's method; Determination of thermal conductivity of bad conductors; Thermal 
conductivity in every day life; Convection of heat; Thermal Radiation; Diathermanous and 
athermanous substances; Emission, absorption and reflection of radiation; Perfect black body; 
Emissive Power and Absorptive power; Prevost's Theory of heat exchange; Kirchhoff's law; 
Application of Kirchhoff's law; Newton's law of cooling; Stefan's law on black body 
radiation; Distribution of radiant energy in the spectum of a black body. 


10.1. Transmission of heat : 


Temperature is the thermal condition of a body which determines the direction of flow of heat. When 
two objects at different temperatures are placed in contact, heat flows from the body at higher temperature 
to the body at lower temperature. Also when the different parts of body are at different temperatures, heat 
flows from hotter part to the colder part of the body. This flow of heat continues until two bodies in the 
first case and different parts of the same body in the second case be at the same temperature. 

"There are three distinct ways in which heat energy many get transferred from one place to another. 
There are : (i) Conduction (ii) Convection and (iii) radiation. Transference of heat from one place to the 
other place of the metal rod when it is unequally hot takes place by the process of conduction, liquids 
and gases are heated by the process of convection. When an object is at higher temperature, heat travels 
from it to other place at a distance by the process of radiation. 

Conduction and radiation— the two basic modes of heat transfer obey different laws. Convection is 
the contribution of conduction, radiation and fluid flow. 

© (i) Conduction : If one end of a long metal rod is heated, the other end also becomes hot after 
some time. Evidently heat has been transmitted from the hotter part to the colder part of the solid. This 
mode of transmission of heat is called conduction. 

Definition : Conduction is a process by which heat flows through an unequally hot body from 
places of higher temperature to places of lower temperature without any detectable motion of the 

particles of the substance. 

Heat is transmitted through the solids by the process of conduction only. When one end of a solid is 
heated, the molecules of the solid at the hotter end becomes more strongly agitated and start vibrating 
with greater amplitude. In doing so, they transfer disturbance to the neighbouring molecules. Since heat 
energy is manifested in molecular motion, a rise of temperature takes. place. 

Different substances have different abilities to conduct heat. The substances which conducts heat readily 
and easily are good conductors. In general, metals are good conductors of heat. On the other hand, the 
substance which cannot conduct heat easily are known as bad conductors ( ^r insulator ). Substances like 
cork, wood, paper, glasses, rubber, cotton, etc. are bad conductors of heat. Liquid, in general, are bad 
cie mercury is an exception. Gasses are poor conductors of heat. Vaccum space is an ideal 
insulator. 
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@ (i) Convection : It is a process by which heat is transmitted from one point to another of a 
substance due to the bodily movement of the heated portions of the substance. Evidently transference of 
matter takes place during the process of convection. 

The fluids ( liquids and gases ) are heated by this process. The fluid on getting heated becomes lighter 
in density due to thermal expansion and so rises upwards and the colder part of the fluid moves down to, 
take its place. Thus, currents are set up in the heated fluid. It is called convection current. 

© (iii) Radiation : It is a process in which heat is transmitted from are place to another without 
heating the intervening medium. 

In both conduction and convection a material medium is necessary. But transference of heat by radiation 
does not require any material medium. The heat from the sun reaches the earth by the process of radiation 
after travelling through millions of kilometers of vaccum. In vaccum electric lamps, the heat emitted by 
the filaments traverses the space between the filament and the glass, though there is vacuum inside the 
bulb. 


10.2. Thermal Conductivity 


The ability to conduct heat is different for different materials. This ability of heat conduction by a 
meterial is called thermal conductivity. It is one of the most 
important thermal property of a material. 

Let one end of a uniform metal rod is the contact with a 
source of heat. The surface of the rod is thermally insulated so 
that heat can flow only lengthwise along the rod. Consider the 
layer between two sections P, and P, of the rod. At the initial Fig : 10.1 
stage of heating the heat entering P,P, is spent in two ways : (i) A part of the heat is absorbed by the 
layer and its temperature rises and (ii) the rest of the heat is conducted through the layer to the next layer. 
No heat is lost through the outer surface as the rod is insulated. 

At the initial stage of heating, the temperature of the rod gradually 
rises by the heat absorbed by it. This thermal condition of the rod is 
called variable state or unsteady state. Ultimately a stage comes, when 
EE each layer attains a steady temperature and no more heat is absorbed 

by the material of the rod. All the heat entering the layer is now 
conducted by the rod. Now rate of conduction of heat is same through 
all layers of the rod [ Fig 10.2). The particular thermal state of the rod 
is called steady state. Now the difference of temperature between the 
opposite surfaces of a layer is constant. 


` » | " Consider a slab of material with opposite faces parallel to each 
A other having area of cross section A and thickness x. The temperature 
Boum of the two faces at steady state are 0j and 0) (0,202). It is 


experimentally found that the amount of heat Q conducted flowing through the slab is 
Gi) directly proportional to the area of the face A 
(ii) directly proportional to the difference of temperture (0, - 02) 
(iii) inversely proportional to the thickness, x 
(iv) directly proportional to the time (f) during which the heat flow 


MESURE Lich (10.1) 
x 5 


x DN . 
The constant K is called coefficient thermal conductivity of the material of the rod. 
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9 Definition of K : From equation (10.1), IfA = 1, 9;- 9 =1°, t= 1 and x= 1, then Q =K. 


Hence thermal conductivity of a material is defined as the quantity of heat conducted per unit time at 
steady state from on face to the opposite face of a unit cube made of the material when the difference of 
temperature between the opposite faces is 1°. 


1 
The quantity p= X is called thermal resistivity of the material. 


6, - 


6 
In the above equation 2 is called temperature gradient. It is the rate of fall of temperature along 
the length of the rod. If the slab is very thin, the temperature difference will also be small. If we replace 


x and (0, — 05) by dx and d9, then 
1 2 


0,-0, -d 
rugs - L2. - ve sign indicates that the temperature decreases with the distance in the direction 
dð 
of heat flow. Then equation (10.1) is written as Q=-KA PELLE (10.2 ) 
: ^ Qx 
t K2———— 
Unit of K : We write, A ©, = Q)F 


(i) Inc. g. s. system, unit of K is cal s*! cm~! °C"! 
(ii) In S. I. unit of K is J $7! m~! k-!, or, Watt m^! k! 
It can be seen that 1 c. g. s. unit = 420 SI unit 


OX __ [Qi] 
Dimension of K : [K] TAJON 
MLT? JIL 
a; PT] lra] 
[e Jre 
10.3. Thermal resistance 
01-8 
The equation (10.1) can be written as 2- Sat Pla CUIU say fan's agape vi RM (i) 
kA 
Qs " : ies Vie Ye 
E is called rate of flow of heat or heat current. Now from ohm's law in electricity, I= R 
qx NEN; i 
a X ote e e eee he niet etym ehe hene (ii) 
P.— 
a 


m is the rate of flow of charge or electric current, (V, — V2) difference of potential across the conductor 


and R=p x /A is the resistance of the conductor and p is the resistivity of the material of the conductor. 


t . m x 
Hence comparing equation (i) and (ii), we see that KA may be called thermal resistance and d is 


the thermal resistivity of the material of the conductor. 
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In the following table we give the values of thermal conductivity of some substances both in cgs 
system and S I. 


Thermal Conductivity 
Copper 
Aluminium 0:48 201:6 
iron 0161 6762 
brass 0:26 109-2 
glass 0:005 21 
Paper 0:0003 0:126 
Porcelin 0:00025 0-105 
water ( 20°C) 000143 06 


Example 10.1 : The surface area of a rectangular slab of stone is 0.36 m? and its thickness is 
01m. One face is in contact with steam at 100°C and the opposite face is in contact with ice at 0°C. 
If 4:8 Kg ice melts in one hour calculate thermal conductivity of stone. Latent heat of ice = 3-36 x 
105 J Kg. 

KA (0; -05)t 
x 
Here A = 0:36 m?, 6, - 0, = 100° C, t 3600 sec and x = 01 m 
and Q= mL 24-8x3:36x1051 1-61 x 10° : 
Qr ie x10$ x 01 ai 
A(80,-0,)r 0:36x100x 3600 
;. Thermal Conductivity of stone = 1-21 SI. 


Solution : The heat conducted by the slab, Q= 


. Ke 


10.4. Variable state and Thermal Diffusivity : 

We have seen earlier that in the variable state of heating the material absorbs a part of the supplied 
heat and the rest is transmitted. As a result the temperature of the material gradually rises. If we neglect 
any loss of heat due to radiation from the outer surface, it can be said that both the process absorption and 
conduction of heat go simultaneously during the variable state. This thermal condition of the body is 
expressed by the quantity called ‘thermal diffusivity’. Its value depends not only on thermal conductivity 
of the material, but also on specific heat and density of the material. It means that heat absorbed during 
variable state depends also on heat capacity of the body. 

Definition : Thermal diffusivity (h) of a meterial is defined as the ratio of thermal conductivity (K) 
and the thermal capacity per unit volume ( ps ). Hence 


is thermal capacity -5 
heat capacity per unit volume ps 
-1-ly-l 
Js m K m? ssms 


Unit of thermal diffusivity is Kg m? xl. Kg K^ 


10.5. Comparison of thermal Conductivities : Ingenhausz Experiment. 
Ingenhausz developed a simple experiment to compare thermal conductivities of different solids taken 
in the form of a rod. The experimental set up is shown in fig 103. 
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The apparatus consists of a trough. On one of its surface a number of holes are made. A number of 
identical rods ( having same length and cross section ) are inserted into the holes horizontally. The projected 
portion of each rod is uniformly coated with wax. The trough is filled with water and heared to boiling. 

After sometime it will be noticed that the wax has melted through 
different distances along the rods. It shows that difference rods have 
thermal conductivities. 

In the variable state of heating, the length upto which wax melts 
depends on thermal diffusivity of the material of the rod. Wax stops 
melting when the temperatures at different points of the rod along its 
length becomes steady. 

The conductivity of a rod is found to be proportional to the square 
of the length of the rod upto which wax has been melted. Let K}, K,....... , be the thermal conductivities 
of the meterial of the rods and length upto which wax has been melted along the length of the rod is 
libsh «ois econ etc. Then 


10.6. Conductivities of different substances : 

Here we discuss some experiments to show that different materials possess different thermal 
conductivities, 

(1) Water is a bad conductor : To show that water is a bad conductor, 
A test tube is partly filled up a cold water. A piece of ice tied to a piece of 
iron is dropped into the test tube and it will sink to the bottom of the tube 
undc: water [ Fig 10.4]. Now water at the top of the tube is heated by 
bunsen flame. The water of the top begins to boil but the ice at the bottom 
rermains as it was. It is not melted. Negligibly small amount of heat is 
conducted by water from upper to lower part. It proves that water is a bad 
conductor of heat. 

(2) Boiling of water in a paper bag : Some water in taken is a thin 
paper bag and is placed on wire net. The bag is heated over a bunsen flame. Fig : 104 
After some time water in the bag starts boiling. But the paper remains unaffected; it is not charred. 


The reason is : The ignition temperature of paper is much higher than the boiling point water. When 
paper is heated, it conducts heat quickly to water. So the water begins to boil. The paper does not burn. 


10.7. Conduction through composite slab : equivalent thermal conductivity : 

Two parallel sided slabs C and D of the thickness X, and x, are placed in contact [ Fig 10.5]. The area 
of each slab is A and their conductivities are K, and K,. Let the temperature of outer faces of C and D 
be 6, and 0, respectively and 0 the temperature of interface. We assume 
9; 20»6,. 

At steady state, both the slabs will conduct equal amount of heat in 
equal time. Now heat conducted by the slab C in time t is 


K,A (6, -6)¢ 
duo Ae G): and heat conducted by D in time t is 


A 
K,A (0—0,): 
Fig: sin 
g : 10.5 X; 
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Q KjA(0,-0) K,A(0-0 
We put Q= =e T. TA = ) K;A(0-0;) 
1 x2 
Q 0-9 9-8, 9-0) à 
; x r^r rera a, eae 


Difference in temperature of the two outerfaces 
total thermal resistance 
€ Equivalent slab and equivalent thermal conductivity 


+, Rate of heat conduction = 


If we take a single slab in place of the composite slab of thickness ( x, + x; ) and having equal face 
area. Let its thermal conductivity be K. If now for the same temperature difference (0, — 05) for the two 
opposite surfaces heat is conducted as the same rate then the single slab is called the equivalent slab. 

The thermal conductivity of the equivalent slab is called equivalent thermal conductivity. 

So, the thickness of the equivalent slab, x = x, + X». If K be the equivalent thermal conductivity then, 


KA (8-92) 9-9; 


rate of heat conduction, g3 Ue Rane ea ates ee G) . 
t xy +X x, tX, 
KA 
xtX, 1 
From equations (i) and (ii),- E CEU; 
q (i) (i) K K, K, 
If both the slabs have same thickness, Xj 7X? =* (say) 
2K,K x 
In that case, K= IE Ed (iii) 
K,+K, 
In general if there are n slabs of thickness Xj X2» eem x, having thermal conductivities K}, Ko, 
x 
SENT. K,, then Xptxytee a E a esee e ln UIN) 
S E 1 K; n 


Interface temperature of the composite slab : From equation (i) 
K(9,-9) K;(0-95) e ate +K 62% 
x x E Kix + Kx, 
Example 10.2 : A wall is made of four layers of different material having thickness 1 cm, 2 cm, 
3 cm and 4 cm respectively. The thermal conductivities of the four layers are 0:2, 0-2, 0-1 and 0:4 
cgs. units respectively. Calculate the equivalent thermal conductivity of the composite wall. 


+x, tX TX x X x X, 
titr tx; X4 0X1 72 73,73 


Solution : We know, K, K, K, K4 
1424344 1 2 
K 0.2 02 01 d 
1 
or, 10 5110430410255. K-z-018 
K 55 


*. Equivalent thermal conductivity is 0-182 egs 

Ex. 10.3 : Water in a kettle placed on a stove is boiling. The area of the bottom of the kettle is 
300cm? and its thickness is 3 mm. If 3 g of steam is produced per min, what is the difference in 
temperature between the outer and inner surface of the kettle. Latent heat of vaporisation = 540 cal 
£ ! and thermal conductivity of the material of the kettle is 0:5 cgs. 
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6; - 6): 
Solution : The required relation, Q ECIAM 


x 
Qx 2 
LE eT Here Q = 3 x 540 cal, x-203 cm, K = 05 cgs, A = 300 cm and f = 60 sec, 
3x 540x0-3 
0) -0, = =0-054° 
17727 0:5x 300 x 60 E 


10.8. Conduction of heat through a slab of variable thickness : freezing of ponds. 
If at a place air temperature be less than 0°C, the top layer of water in a pond will fast attain 0°C, and 
-0°C then gradually turn into ice by releasing latent heat to atmosphere. A 
thin layer of ice will first form on the surface due to transfer of heat 
from water to air. Water below ice will give out latent heat and it will 
be conducted to air through the layer of ice. Thus the thickness of ice 
will gradually increase. Here we calculate the time required to increase 
the thickness of ice from 3, to x5. 
Let air temperature by — 0°C. At time t = 0, initial thickness of ice is 
X,- Let at any time, thickness of ice is x ( Xı <x <x, ) [ Fig 106 ]. 
Then after a small time dt, the thickness of ice grows by dx. So mass of 
ice formed in dt is m = Apdx where A = Surface area of the pond and p 
= density of ice at 0°C, Then the quantity of heat released by water in time dt is Q=mL = ApL dx 


Evidently, this heat is conducted by ice in time dt. 


KA {0-(-@ KA0 
Q= Ao dt= EN dt {K = thermal conductivity of ice ] 


Fig: 10.6 


D A itm Apt dr 
A L nop 
LP P Í L 
n dts P yay > [qi PL. p 
» doo =f xod NS dub 73. eo eee ( 10.3) 


*l 
Ex. 10.4 : In a pond thickness of ice 10 cm. It is found that to increase the thickness by 1 mm 
more 30 min 40 sec is required. Calculate air temperature. Thermal conductivity of ice = 0-008 cgs, | 
lateral heat of ice = 80 cal g` and density of ice = 0-92 g c.c. 
Solution : From the equation (10.3), (PR (s m) 
pL 


i sr zu dei Here, p=0-92 ¢(c.c.)"! ; L = 80 cal g- 
0-92 x 80 (10-1? - 102) 
= 2x 0-008 — 1840 K - 0-008 c.g.s. 627, —1840 sec 
25 X) =10-1 cm, xı =10 cm 


“Temperature of air = — 5°C 


heat reaching a section will be wholly conducted to the next section of the bar. So, during steady state, the 
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heat conducted by the bar depends on its thermal conductivity. To determine the thermal conductivity of 
meterial, its thermal condition has to be considered. 

The two ends of the rod AB are maintained at 100°C and 
0°C respectively. [ Fig 10.7 ] We shall compare the temperature 
gradients at X and Y. 

(i) When the bar is properly lagged : If the bar is properly 
lagged by non-conducting material, then no heat is lost from 
the surface of the rod to the surrounding. So all the heat will 
be conducted from the end A to the end B. 

If H, be the heat conducted per second through the section x then 


X, 


and the heat conducted per sec through the section Y is 


100°C 


(2 
y dxv 


Since no heat is lost free the surface of the rod, rate of flow of heat will be same through the section 


XandY ~». H,=Hy or E (D. 

So, a plot of temperatures of different sections of the bar 
against the distance from the hot end of the bar is a straight line 
[ Fig. 10.8 ] 

(ii) If the bar is not lagged : If the bar is not lagged by non- 
conducting material, then some heat will be lost from the surface 
the bar to the surrounding. So, now heat conducted per sec through 
the section Y will be less that heat conducted per sec through the 
Fig: 108 section X even in steady state. Here 


100°C 


di dð 
H, aus (S) Hence the slope of the ( 0 — x ) graph now will slowly decrease with 


distance from the hot end of the bar [ Fig 10.8 ] 


10.10. Determination of thermal conductivity of good conductor by Searle's method : 


To determine the thermal conductivity of 
good conductor ( metals ) it is convenient to 
work with a bar of rectangular or cylindrical 
section. Searle’s Apparatus for the 
determination of thermal conductivity of good 
conductor is shown in fig. 10.9. XY is the metal J E 
bar under investigation. It is about 5 cm in Se tn dUUd 
diameter and 30-40 cm long. It is polished and J-e 
lagged by non-conducting meterial like wool. P 
As a result loss of heat due to radiation from d i Fig: 109 
the surface of the rod is minimum. The end X E 
is inserted into a steam chamber through steam passes at constant rate. Thus 


the end X is maintained at 
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steam temperature. A steady flow of cold water through a copper spiral soldered round the other end 
maintains this end at a steady lower temperature. 

Thermometers T, and T, placed in small holes drilled in the bar at a known distance d apart, measure 
the temperature gradient along the bar. Some amount of mercury is poured into the holes to make a good 
contact between the thermometer bulbs and the metal bar. Thermometer T, and T, measures the inlet and 
outlet temperature of flowing water. 

When steam passes through steam chamber (J), different thermometers records rise of temperature. 
After some time readings of all the thermometers becomes steady. It mean, that rod XY has reached 
steady state. 


Let 0; and 0, be the readings of the thermometers 9, and 95. Then the rate of heat flow through the 
KA (0, - 0 
rod is 2- ESO ete z 2) 
Now, assume that m mass of water passes through the copper spiral. T, and T, thermometers measures 
the temperature of incoming and outgoing water. The readings are 9, and 94. Then Q- m (04—83) 


KA (0, - 0 
^ EAO) m (o, -0;) All other quantities being known thermal conductivity can be 


determined. 


10.11. Determination of thermal conductivity of bad conductors : 

(A) Flow of heat through a cylindrical tube : 

Let 7 and 7, be the internal and external radius of a tube made of non- conducting material or bad 
conductor. Temperature of inner surface of the tube is 9; and that of the outer surface is 8, (0, >0,) 
05 n [Fig. 10.10 ]. Here heat will 
flow from inside to outer 
side radially outward. At 
equal distance from the axis 
the temperature is same. So, 
9; the isothermal layers 


wo 7) a between the two surface of 
(i) (ii) the tube will be cylindrical. 
Fig: 1010 We consider a cylindrical 


shell of thickness dr at a distance r from the axis. The temperature of the inner surface of the shell is 0 
and that of the outer surface is 0 — d8. If Q amount of heat flows per sec through the shell then, 


Q=-2nrlK. 2 [ Here A = 27r! ] 
r 


ai) asta o; 


2 nIKI (0, — 
% gone ce) NOE MARS (10.4) 
Inr,/ 7, 


Thermal conductivity of bad conductors can be determined by this relation, 
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(i) Thermal Conductivity of glass : Glass is a bad conductor. So if glass is taken in the form of a 
tube, equation (10.4) can be applied to determine the thermal conductivity of glass. The necessary 
arrangement is shown in fig (10.11) Here AB is the experimental 
tube surrounded by a steam jacket J. Water is passed through 
the tube at constant speed. Temperature of incoming water is 
measured by the thermometer T, and that of the outgoing water 
is measured by the thermometer T,. Let at steady state the 
readings of the thermometers T, and T, be t,°C and wc 
respectively. Thermometer T, measures the steam temperature 


(8) 


If m be the mass of water flowing per sec through the tube s ; Fig: 10:11 
then, heat received by water per second. 9 
2 nKI (0; - 9) 
2m(not) & EDU emt) 
Q=m(t,- 4) m(n 1n) ZUM 
dto 
Here 0,7 steam temperature and 0; = 5 
m (tpt) In 
-Ka— NEED LL S . (10.5) 
2 m1 (0, -9) 


Ex. 10.5: A metal bar of length 75 cm and having area of cross section 10? m? is heated at one 
end. At steady state, the difference of temperature at the two ends of the bar is 90°C. If thermal 
conductivity of metal be 336 W m" 'K-!, calculate. 

(i) Gradient of temperature along the length of the bar. 

(ii) Rate of heat condition through the rod. 

Aa, 9, - 6; =90°C 
d= 075m 
K 2336 Wn K^ 


Solution : We know that, Q= 
(i) Gradient of temperature along the length of the bar is 


a-h = poao =120°C/m 
ancha) 
T 336x90 2 A=10 m.: 
(ii) Rate of heat flow, US 10? = 403-2 J/s. 
Ex.10.6 : The length of each side of hollow metallic cube is 10cm and the thickness of the wall is 
1 cm. The cube is completely filled in ice and immersed into boiling water at a temperature of 
100°C. How much ice will melt per minute. Thermal conductivity of metal is 0.5 cgs. Latent heat of 
fusion of ice = 80 cal g`’ [ H. S. 1998 ] 


Solution : If m gm ice melts per minute, heat required, Q = m X 80 = 80 m cal. 


t KA (8, - 62)! 
Heat conducted from water to ice 1$ Q AEE s 
q- 2:5: 600100 € = 1g x 10* cal K=0-5cgs; 
are A = 6 x 100 = 600 cm? 
Now, 80 m= 18x10 ^ m= 22:5 x 10? gm 6-0, =100°C, = 60 sec, 
Mes x=lem 


. 22:5 kg of ice will melt per minute 
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Ex. 10.7 : A composite slab is made of two metal plates of different materials each of thickness 
1 cm. The temperatures of the two outer surfaces of the slab are 100°C and 30°C respectively, 
If thermal conductivities of metals be 0*2 and 0:3 cgs., Calculate the temperature of interface 
temperature. [ H. S 1999] 

Solution : At steady state, same quantity of heat flows per second through the plates. Let the interface 
temperature is 9°C then 


t x = K, =0-2cgs; K,=0-3cgs 
0-2x (100-8) _ 0:3 x (8 — 30°) x73, lem 


1 1 
200-20-230-90 .. 0-58'C 
Ex. 10.8 : A copper rod of length 75 cm and a steel rod of length 125 cm are joined together at 
one end. Each rod is of circular cross section with a diameter of 2 cm. The two free ends of the 
composite rod are maintained at 100°C and 0*C. The surface of each rod is lagged with non- 
conducting material. What is the temperature of the junction of the two rods ? Also calculate rate of 
flow of heat through the junction. Thermal conductivity of copper = 9-2 x 107? K cal / (m°C sec) and 
that of steel = 1-1 x 107? K cal / (m'C. sec)[I. I. T.] 


75cm g 125 cm à ; 
@ = oia Solution : The arrangement is shown in fig 10.12. 
100°C v6 Let the junction temperature is 0°C 
h, L At steady state rate of flow of heat through the 
aigso rods is same 
S E ee K, =0-92cgs K,=0-1lcgs 
Kj1, (100-8) = K;1,(0 — 0°) A=n(l? «ncm? 
0-92 x 125 (100-6) =0-11x 750 l 2 75em, l, =125 cm 
8 = 933° C. 6, =100°C, 8, =0°C 
Rate of flow of heat, 2- coment) = 0-258 cal / sec 


Ex. 10.9 : The thickness of ice at the surface of a lake is 3 cm. If the air temperature be — 20°C, 
after what time thickness of ice will increase by Imm ? Thermal conductivity of ice = 0.005 cgs, 
latent heat of ice = 80 cal / g and density of ice at 0°C = 0.91 g / c.c. 


L 
Solution : The required relation, eon -x;7) p=0-91g/c.c. 
0:91x 80 
a [3:232 à E ETT 
OTL Ese] L-80calg ; K = 0005 cgs 


= 222404 sec. 0-20*C 
The required time = 32 min 42 sec. 


Ex. 10.10. The temperature of closed room is maintained at 20°C by an electric heater. The 
resistance of the heater is 20 Q and difference of temperature is 200 volt. The temperature inside 
the room is uniform and heat can only flow out through a glass window of area 1 m? and thickness 


0:2 cm. Calculate outside temperature. Given, conductivity of glass = 0:2 cal m-! *C-! sec"! and 
J=42 J cal. LELT] 


x, 73cm; x, =3-lcm 
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2 
Solution : Heat produced by heater per second, Q as 
JR 


and heat conducted through the window, Q' ,KA(6-9) 
x 
.  KA(8,-8) v? 
By question, Ert) TU L V = Voltage; R = Resistance of the coil ] 
0:2x1x(20-6,) (200)! 
o2x1x(0-9) (Qo) = 0; =15-24°C 


02x102 42x20 
Outside temperature = 15:24*C 


Ex. 10.11 : The radii of two concentric hollow spheres are 5 cm and 15 cm respectively. The 
space between the spheres is filled up with the powder of a non- conducting material. An electric 
heater placed at the centre of the spheres produces heat at the rate of 10-8 Js“. If the difference of 
temperature between the two surfaces of the two spheres is 50°C, calculate the thermal conductivity 
of the non-conducting material. 


Solution : The necessary equation K = =n) [ vide equation (i) of the next example 10.12] 
4 nr; (0 - 95 
_ AAST 2-57 10-8 
TC'anx5x15x50 4nx25x15 Reb 
2.57x10 ^ 5 = Sem, n =15em 


E 
XO -5.46x10 "cgs 9,-6,- 50°C 
The thermal conductivity of non-conducting powder = 5:46 x 10% cgs 

Ex. 10.12 : A hollow metal sphere of internal radius 3 cm and external radius 4 cm is surrounded 
by another concentric hollow sphere of internal radius 4 cm and external radius 5 cm. The thermal 
conductivity of the outer sphere is twice that of inner sphere. If the inner surface of inner sphere be 
maintained at a temperature of 100°C by means of a heater placed in it and the outer surface of the 
outer sphere be maintained at 0°C by melting ice, find the temperature of the surface of contact of 
the two spheres. , [ J. E. E. 1994] 
Solution : The arrangement is shown in fig 10.13. A and B are. * 
the two concentric spheres. Inner radius of the smaller sphere (A) is 
r, = 3 cm and external radius is. rj = 4 cm. Also inner and outer 
radii of the bigger sphere are r, = 4 cm and r} = 5 cm respectively. 
Temperature of inner surface of the sphere A is 0, = 100°C and that 
of the outer surface of the outer sphere is 8, = 0°C. Let the 

temperature of the surface of contact of the two spheres is esc. 
Now, we consider a spherical shell of radius x and thickness dx 
0 — do with the sphere A [ r; < X < X? J]. The 
temperatures, at the inner and outer surface 
dx ofthe shell are @ and ( 0 - d0) respectively. 
So heat is conducted from inside to 
outerside along the radius. The rate of flow of heat at steady state, 


Fig: 10-13 


2 [] m 

= dx 

Q ake ore Jao -2j5 
t dx Lx 

Fig: 10-14 E n 
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Olas. 04 
— (2-2) 


2 
Q 4nK(0, - 6) nr, : 
or, x Ez nens. c S UST (i) 
It is the rate of flow of heat by the first sphere. Similarly, the rate of flow of heat by the second speher - 
Q_ 4nK,(8-6,) 157, 3 
ao NU Doe e AMETS t. (ii) 
In the case K, =2 K,. Hence by equations (i) and (ii), 
K(0,-9)n5 _ 2K, (0-8,) m7, 


n-n n-rn»5 
(9,705: :2(6-0)5 

mah uc deste 

(100-6)x3 2(0-0)x5 
VOR T S 


- 80 = 231°C. It is the temperature of the surface in contact. 


Ex. 10.13 : Dry steam at 100°C is flowing through a rubber pipe of length 1m. Surrounding 
temperature is 0*C. Inner radius of the tube is 1 cm and thickness of rubber = 4 mm. If 10 g steam 
condense into water in 5 sec calculate thermal conductivity of rubber. Latent heat of steam = 540 
cal / g. 

r ae y = QX2:303 x log (n / n) 
Solution : The required relation is K = 2 71(6, -6;) 


10x 540 

Here Vig e 
», g = 1080 x 2-303 x logl-4 
} 23-14 x 100 x 100 

"^. Thermal conductivity of rubber = 5:4 x 10-3 cgs. 


71080 cal/s, 4 - lem, 7 =1:4cm, 1= 100 cm and 0} — 6, =100°C 


=0-0054 


10.12. Thermal Conductivity in everyday life. 


In our daily life good conductors and bad conductors have many useful applications, Some of the 
applications are discussed below : 

(A) Applications of good conductors : 

(i) Different cooking utensils, calorimeter are made of copper. Because copper is a 
good conductor of heat, it absorbs and conducts heat rapidly. Liquid mercury, which is a 


good conductor of heat is used in thermometer to measure unknown temperature quickly. 
For the same reasons, boilers are also made of copper. 


(i) Davy’s Safety lamp : It is also an example of the application of high thermal 
conductivity of metal. It is widely used in mines to detect the presence of combustible 
gas inside the mine . 

It consists of an oil lamp surrounded by cylinder of copper wire gauze [ Fig 10.15]. 
It works as follows . It is taken at a place inside the mine . If any combustible gas is Aip i 
present in the region, the gas enters through the gauze and comes in contact with the i 
flame. The gas burns inside the gauze. ; 2 


The copper gauze quickly conducts away the heat. So the Bas outside the lamp cannot Fig: 10-15 
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reach its ignition point. Thus the outer gas does not burn. Thus the presence of combustible gas is detected 
and the safety of the miners is ensured. Nature of the gas is detected the colour of the flame inside the 
gauge. 

(B) Some applications of bad conductors : Bad conductors are generally used as heat insulators, 
Few example we given below. 

(i) Dry saw dust are bad conductors. They are used to cover ice blocks. It prevents the quick rate of 
melting. 

(ii) Woolen cloths are used in winter. Woolen cloth are not warm. Actually there are large number of 
pores and air pockets which prevents the body from losing heats to the colder surrounding. So, the body 
remains warm. ^ 

(iii) The birds puff their feathers on a cold day. As a result air is enclosed within the feathers. As heat 
from the body cannot come out so the birds feel warmer. 


10.13. Convection of heat : 


Convection is a mode of transmission of heat in which particles of the medium carry the heat from 
hotter part of the material to its colder part. In liquids and gases, heat is transmitted from one portion to 
another portion, by the process. But in general, liquids and gases are bad conductors of heat. 

When a fluid ( liquid or gas ) is heated at the bottom, it becomes lighter in density and therefore rises 
upwards, while the colder fluid moves down to take the place. Thus currents are set up in the heated fluid. 
These are called convection current. So, the convection current is the circulatory movement of the 
fluid when it is heated at the bottom. 

It is to be noted that by the process of convection heat can flow only in the upward direction. It can 
not flow in the lateral direction or downward direction. 

Convection can not take place in a solid due to the reason that its particles are bound and are not free 
to move. 

€ Convection Current in liquids : 

Some water is taken in a vessel and few crystals of potassium permanganate 
are dropped into the vessel. The beaker is now heated gentle from the bottom by 
a burner. After some time convection current is. set up in water of the beaker. 
Steam of water is visible became the water is coloured by the presence of 
permanganate [ Fig 10.16] 

€ Convection current in gases : 

When a gas is heated at the bottom it temperature rises. The gas now expands 
and goes up. Cooler air comes down. Thus convection current is set up in the gas. Heat transfer by 
cónvection takes place more easily in gases that in the case of liquids. 

€ Application : (i) Convection plays an important role in ventilation and in heating and cooling 
systems of the house. 

(ii) Wind systems in atmosphere : Winds are illustration of the phenomenon of convection current. 
Some parts of the earth dre heated by the sun during day time. The air of these places expands and rises 
up. Its place is taken up by heavier air from cold places. These convection current in atmosphere constitute 
wind, Some important wind systems are as follows : 

© Trade wind : Earth’s surface near the equator is heated by the sun. The air in contact with earth’s 
surface becomes hot, expands and rises up. The air from the colder polar regions rushes towards the 
equitorial regions. It produces northward wind in northern hemisphere and southward wind in southern 
hemisphere. As the earth rotates about its own axis from west to east, the actual direction of the wind in 


Fig: 10116 
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the northern hemisphere is northwest and it is southeast in southern hemisphere. These winds are called 
trade wind. È 


@ Monsoon : One of the causes of monsoon in India is wind flow. From May to October the sun is 
in the Tropic of Cancer. During this period large part of the earth situated in central Asia are at high 
temperature than the surrounding oceans. So, now wind blows from ocean to the land carrying moisture 
with them. These winds causes wide spread rain in India. From November to April the sun is in the Tropic 
of Capricorn. During this period the land in the central Asia is comparatively cold than the sea. Now the 
wind blows from land to sea. These winds takes moisture from Bay of Bengal and causes rainfall in 
coastal region. These winds are called monsoons. 


10.14. Thermal Radiation : 


The third method of transmission of heat is radiation. It is the process by which heat is transmitted 
from one place to another without heating the medium. 

In this particular mode of heat transmission no material medium in required. When we sit beside an 
oven we feel warm. In this case heat reaches as not by conduction or convection. Here heat is transferred 
by radiation, because air cannot conduct heat as it is a bad conductor and little convection takes place in 
the lateral direction. 

The heat from the sun reaches the earth by radiation after travelling through a large distance in vacuum. 


Due to the absence of material medium, the transmission of heat by conduction and convection is not 
possible. 


€ Nature of Thermal Radiation : The energy emitted by a body in the form of radiation on account 
of its temperature is called thermal radiation. Radiant heat from a hot body can travel through vacuum. 
Radiation is the wave aspect of heat. Just as light, radiant heat is a part of electromagnetic wave. Some 
of the properties of thermal radiation are 

(i) Thermal radiations travel through vacuum with the speed of light i.e. 3 x 109 ms-!. 

(ii) Thermal radiating travel in straight lines, like light. 

(iii) They obey laws of reflection and refraction as light does. 

(iv) They exhibits the phenomenon of interference, diffraction and polarisation like ordinary light. 

Evidently thermal radiation and light are of similar nature. y-rays, x-rays, radio waves microwaves 
infrared all belong to the family of electromagnetic wave. In the following table we give the range of 
wavelengths of some of the members of the broad electromagnetic spectrum. 


Name of radiation Range of wavelength 


y rays : below 107!! m 

X-rays 107!! m to 107? m 

ultraviolet rays 1-4x 1077 m to 3:8x1077m 

visible light 7-5x1077 m (red) to 4 x 1077 m ( violet) 
infrared ( radiant heat ) 8x107 mto 4x107* m 

radio waves 107 m to 10* m 


10.15. Diathermanous and athermanous substances : 


The medium through which visible light rays can pass is called transparent medium. On the otherhand, 
the medium through which visible light cannot pass is opaque medium, Similarly, the material through 


which radiant heat can pass is known as diathermanous material and the material through radiant heat 
cannot pass is athermanous material. 
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When radiant heat falls on a diathermanous material, a part of the heat is reflected, a part is absorbed 
and the rest is transmitted by the material. But in the case of athermanous material most of the incident 
heat is reflected and absorbed. 

Glass has a very special property for the radiation falling on it. Glass behaves as athermanous for the 
radiations given out by a body at low temperature. But it behaves as diathermanous towards the radiation 
emitted by a very hot body. It is found from the experiment that a body at lower temperature emits 
radiation of longer wavelengths. As the temperature of the body gradually increases wavelength of emitted 
radiation gradually decreases. So we can conclude that, glass is transparent for the radiation of shorter 
wavelengts. But it is opaque for radiations of longer wavelengths. 

€ Green House Effect : The ability of glass for the transmission of incident thermal radiation 
depends on wavelength of radiation. It is diathermanous to short wavelength radiations but it completely 
athermanous to radiations of longer wavelength. This special property of glass has been put to a beautiful 
practical application in an arrangement called Green House. In cold countries green plants are kept in 
green houses. Inside the green house relatively warm climate prevails although outside the house it is 
extremely cold, Effectively green house is a heat trap. 

Green house is made of glass. The radiation coming from the sun bears low frequency components 
which easily enters into the house through the glass roof. Green plants absorbs energy from the radiation 
and survive. Now the radiation given out by the plants are of longer wavelengths. So they can not escape 
from the room as glass is opaque to them. This heat waves remains inside the room and thus the room 
remains warm. ' 

10.16. Emission, absorption and reflection of radiation : 

© Emission : A hot body gives out radiation. Now the rate at which a body radiates heat energy 
depends on (i) its temperature and (ii) the nature of the surface of the body. 

(i) When the temperature of the body is low, its rate of heat radiation is smaller and the rate of 
emission gradually increases with rise of temperature. At lower temperature, it emits longer wavelength 
and at higher temperature emitted wavelengths are shorter. 

(ii) At the same temperature a body with black and rough surface is a very good and efficient radiator. 
On the other hand, a body with white and polished surface is a poor radiator, 

Thus when a body is gradually heated it begins to emit heat energy or improved waves and no visible 
light is observed. At higher and higher temperature it begins to glow first red hot and then white hot. 

€ Reflection, Absorption and Transmission : When radiant heat falls on a body (i) a part of the heat 
is reflected, (ii) another part is absorbed in the interior of the body and (iii) the rest part is transmitted. 

Let Q be the amount of heat energy falling on a body. Let one part R is reflected, part A is absorbed 
and rest part T is transmitted. Then R+A+T=Q 

Dividing both sides by Q, r+a+t= | MIRA ode erat (i) 

Where r, a, and t are the fractions of heat energy, which are respectively reflected, absorbed and 
transmitted by the surface of the body. 

Special case : (i) If for a body t = O; then from equation (i) we have, r+a=1 

It means that if a body has greater value of a, it will have smaller value of r and vice versa. So a good 
absorber is a bad reflector of heat and vice versa. i 

Gi) If for a body r= t = 0 then from equation (i), we have a = 1 ie. such a body will absorb all the 
heat radiation falling on it and hence it will appear black. Such a body is called a perfect black Body. 

It may be pointed out that if a body reflects radiation of particular colour (wavelength) strongly, it will 
appear to be of that particular colour. So a flower looks red if it reflects red light more than the other 
colours. 


Phy (D—44 
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10.17. Some practical Applications of emission and absorption : 

The power of emission or absorption of radiation by a surface has practical applications : 

() For fast cooking, the cooking utensils should be rough and pointed black outside. Such a surface 
absorbs heat quickly. 

(ii) On hot countries people usually wears light coloured clothes. We know, white surface is a good 
reflector and a poor absorber of heat. So, light coloured clothes will remain cool. On the other hand, in 
cold countries, black or dark coloured clothes are used, 

(ii) A cloudy night is warmer than a clear night. The reason is : cloud is practically opaque to radiant 
heat from the earth's surface, As a result the heat from the earth's surface after reflection from the clouds 
returns to the earth. So the cloudy night appears warmer. 

(iv) Traffic police use white umbrellas. Traffic polices have to work in the sun. They feel less hot 
under white umbrellas. Reason is : white surface is a good reflector and bad absorber of radiant heat. So 
if white umbrellas are used, the heating of the umbrellas under the sun is minimised. 

(v) Desert is very hot during day time but extremely cold during night. 

Stones and sands are very good absorbers of radiation and also very good radiators. During day time 
they absorb heat from the sun and becomes very hot quickly. When they are hot, they also radiate a large 
quantity of heat. So a person in the desert during day time, gets heat not only from the sun but also from 
the sands and stone. Hence the feels very hot. 

But at night stone and sands becomes cold quickly by giving out the heats as radiation. For this 
reason, in desert extreme cold is felt at night. 


10.18. Perfect black body : 


A perfect black body is one which absorbs heat radiation of all wavelengths falling on it and 
emits radiations that depends only on the temperature of the body alone. 

Such a body neither reflects ( r = 0 ) nor the transmits ( t = 0 ) and hence appear black for all colours 
of incident radiations. 

Also a perfect black body, when heated emits radiations of all possible wavelengths at that temperature. 
This range of wavelength does not depend on material of the body, but depends only on the temperature 
of the black body. 

Now, the concept of black body is an ideal abstraction that cannot be realised in practice. In reality, a 
surface coated with lamp black or platinum black can be used as a black body. Such a body absorbs 
nearly 98% of heat falling on it. However, when heated it does not give full radiation spectrum. So a 
surface coated with platinum black can taken as a good black body for absorption of heat radiation. 


9 Fery's black body : Fery has designed a perfect black body. It is based on the principle that any 
space which is almost wholly enclosed and maintained at uniform 
temperature, can absorbs all wavelengths and also radiates full radiations. 

Fery's black body consists of a double walled hollow sphere provided 
[s with a small opening O at one side. P is a projection just opposite to the 

O hole[ Fig 10.17]. Its inner surface is coated with lamp black. A heating coil 
Ww is placed between the two walls. It is used to heat the body. 

When a heat radiation enters the hollow sphere through the opening O, 
it is completely absorbed due to multiple reflection. The conical projection 
P opposite to the hole O, reduces the chance of heat radiation getting out. 
Thus hole behave as a perfect black body to incident radiation. 


Fig: 10-17 
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When it is heated, it emits all wave lengths corresponding to the temperature of the body. The radiation 


coming out through the opening from the inner surface of the hollow sphere is called cavity radiation or 
black body radiation. 


10.19. Emissive power and Absorptive power. 


(1) Emissive power : Different bodies emit different amount of energy even if they are at same 
temperature. The ability of a body to emit radiation is expressed by the quantity called emissive power. 

The emissive power of a body at a given temperature and for a given wavelength is defined as the 
radiant energy of that wavelength emitted per second per unit area of its surface. It is denoted by e,. Its 
unit is Jm? s-!. i 

The emissive power depends on temperature of the radiating body. Now at a given temperature, the 
emissive power of a black body has the maximum value. The ratio of emissive power of a real body to the 
emissive power of a black body at the same temperature is known as emissivity. 


(2) Absorptive power : The absorptive power of a body at a given temperature fora given wavelength 
is defined as the ratio of the radiant energy of that wavelength absorbed per second by its surface to the 
radiation of the wavelength incident in one second on the same area. It is devoted by ay. 

It dQ amount of radiant energy in the wavelength range A and A + dd is incident on the surface of a 
body and if a, be the absorptive the power for radiation of wavelength A, then amount of radiant energy 
absorbed by the body = a,dQ. i 


10.20. Prevost’s Theory of heat exchange 

When we stand near an oven we feel warm and when we keep out hand near a block of ice we feel 
cold. To explain this observation it was thought that hot body radiates heat and cold body radiates cold. 
Prevost first said that this idea is wrong and to explain this observations prevost gave a new theory which 
is known as Prevost theory of heat exchange. According to this theorem. 

All bodies gives out radiation at all temperatures ( above absolute zero of temperature). The rate 
of heat radiation increases with increase of temperature. The rate of emission is not affected due to 
the presence of surrounding bodies. 1 

So, according to the theory of heat exchange all objects, whether hot or cold, are continuously emitting 
thermal radiation. At the same time they are receiving radiation from their surroundings. The amount of 
heat radiated by a body increases with its temperature and is not affected by the presence of neighbouring 
bodies. 

Suppose a body is placed inside an enclosure. The hot body will radiate heat to the enclosure at a 
faster rate, while it will absorb heat from the enclosure at a slower rate. The temperature of the hot body 
will gradually decrease and that of the enclosure will gradually increase. Ultimately the hot body and the 
enclosure will be at same temperature i.e., the two will come in thermal equilibrium with each other. 

! On the other hand, if a colder body is placed inside an enclosure, the reverse will happen. Now, the 
colder body will absorb heat an a faster rate that the rate at which it gives out heat to the enclosure. - 

At thermal equilibrium, rate of emission is equal to the rate of absorption of heat. So, all the bodies 
are in a state of dynamic thermal equilibrium i.e., they share heat with each other even after their temperature 


becomes equal. 


10.21. Kirchoff's law : 
A good absorber is also a good radiator. This fact is expressed qualitatively by Kirchoff's law. 


* Statement : | 

Kirchoff's law states that the ratio of the emissive power to the absorptive power for the radiation 
9f a particular wavelength and at a particular temperature is constant for all bodies and this ratio 
is equal to the emissive power of a perfect black body at that temperature. 
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Let. e, and a, be the emissive and absorptive power of a body at a particular temperature for the 
radiation of wavelength X. Also let e; ^ and a,” be the corresponding values of another body at the same 
temperature and for the same radiation : So, if E, be the emissive power of perfectly black body maintained 
at the same temperature and for the radiation of wavelength A. Then by Kirchoff's law we write 


aa 
À A 
Kirchoff’s law is true for total radiation as well as for a particular wavelength. Considering. total 


" 


mm : " e e 
radiation, Kirchoff's law becomes — = — = E 
a a 


Proof : Let a hollow vessel is filled with radiations of wavelength A and A. + dA and an object is 
placed inside the vessel which is uniformly hot. Let heat energy dQ within the wavelength range falls on 
the unit area of the body per second. If a, be the absorptive power for the wavelength A then the heat 
absorbed by the body per unit area per second is dQ.a;. 

Now, if e, be the emissive power for the wavelength range À and À + d, then, heat radiated per second 
per unit area = e,dA, 


If the body be in thermal equilibrium with the vessel then, dQ. a =e, dd........ (i) 
For a perfect black body a, = 1. Hence £j = E, 
AD EAT Lr A Al pause . (ii) 


" From the equation (i) and (ii), 


e: 
à). EAdA = eu dX ——-EQ 
a, 
So, at a particular temperature for a given wavelength, the ratio of emissive power and absorptive - 
power is a constant and is equal to emission power of a perfectly black body. 
Evidently if the emissive power of a body increases its absorptive power will also increase. 
€ Some important inference from Kirchoff's law. 


(i) - The radiation from a black body and the radiation from the interior of a closed vessel which is in 
thermal equilibrium with the black body are of same quality. 
e. 
Me À 
(ii) For a body the ratio ay is a constant. It means that emissive power and the absorptive power of 


a body are not independent of each other ; but one depends on the other. So when emissive power of a 
body increases its absorptive power also increases. 


(iii) It for a body a, = 0 then e, = 0. It means that if a perfect reflector is heated we cannot get any 
emission from it. 


10.22. Application of Kirchoff's law : 


From Kirchoff’s law we know that if a body can emit thermal radiation of a particular wavelength, it 
will also absorb the same wavelength if it is incident on the body. Also, if a body possesses higher 
absorptive power for a particular wavelength, it will also have higher emissive power for the same 
wavelength. For example, a perfectly black body can absorb radiations of any wavelength. So, when it is 
heated it will emit radiations of all wavelengths. 

A large number of experimental observations can be explained, by applying Kirchoff’s law. 

G) A polished metal surface is half blackened by lamp black or platinum black. It is heated in a 
furnace and then put in a dark room. The black portion of the surface is found to glow brilliantly then the 
other part. The reason is that the blackened portion is a better absorber of heat radiation and when it is 
heated, it is a better emitter also according to Kirchoff’s law. 
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(ii) The most important application of Kirchoff's law is to the explanation of the existence of 
Fraunhoffer lines in the solar spectrum. Dark lines in bright background observed in solar spectrum are 
known as Fraunhoffer lines. 

The visible disc of the sun called photosphere is at a very high temperature. It is surrounded by 
comparatively cooler atmosphere of different gases and is known is chromosphere. Continuous while 
light is emitted by the photosphere. As these light passes through the chromosphere, the atoms present 
there selectively absorb the radiation they themselves would emit when hot. This selective absorption give 
rise to the dark Fraunhoffer lines in the solar spectrum. 


10.23. Newton's law of cooling : 


A hot body left to itself gradually cools down to the temperature of the surroundings. According to 
Newton the rate of cooling of a body depends on the difference of temperature between the body and the 
surroundings. He gave a law known as Newton's law of cooling. , 


Statement : The law states that the rate of loss of heat energy by a hot body is proportional to the 
difference of temperature of the body and the surroundings, provided this difference is not large. 


Let temperature of the body the O and the temperature of the surrounding be 0). If 2 be the rate of 


loss of heat by the body then, Ra - (- 99) 


dQ dð i ) 4 d0 . ; 
Now, —- = ms—; here m is mass and s is the specific heat of the body and ur? the rate of cooling. 


dt dt’ 
@ a- (0-0) i & =-K (0-0) [ K is a constant ] 
— ve sign shows that difference of temperature decreases with time. 
8? t 
com =~—Kat - Integrating, J ves =-K | dt 
` 8-9, à? ~% 0 
80,-8 
or, s, (=P) = feel eet kala d (10.2) 


Here 6, is the initial temperature and 6, is the temperature if the body after a time 1. 


Example 10.14 : Initial temperature of a body is 353 K. After 5 min the temperature becomes 
337 K and after 10 min it is 325 K. What will be the temperature after 15 minutes. Also calculate 
surrounding temperature. 


9,799]. Ki 
Solution : From equation (10.2 ), log, 8, - 6, T 
353-8, i 
after first 5 min, DER DRE Eae een d (i) 


337-9, - 
after next 5 min, lee Sooner ) ORE Ehe «diii dis (ii) 


325-89 $ 
after another 5 min, oe (cot) viel c A A (iii) 
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where @,= final temperature of the body after 15 min from the beginning. 
353-09 337-0, 

Now, from the equations (i) and (ii), 337-0, D 325-8, i 

"^ 8) = 289 K. Surrounding temperature = 289 K = 16°C. 


337-0, 325-0, 
Again from the equations (ii) and (iii). 355 BC ic 8, -8, ° Putting 05,2 289 K, 0; = 316 K 


10. 24. Stefan's law on black body radiation : 


J. Stefan gave a law concerning thermal radiation based on the experimental observations. The law is 
known as Stefan's law. 

It states that total energy radiated per second per unit area of a perfectly black body is directly 
proportional to the fourth power of the absolute temperature of the surface of the body. 

EG T'aB-oT Uu T (10.3) 

Here o is called Stefan’s constant. Its value is 5-67x10~ erg s^! cm? K~ in cgs and 5:67 x 105 J 
sIm? K^ or 5:67x10^? watt m?K-^ in SI. It means that if the temperature of a black body is raised from 
300 K ( 27°C) to 1200 K ( 927°C ); the total radiation increases (4)* or 256 times. 

However, Boltzmann gave a theoretical proof of the law and it is also known as Stefan-Boltzmann 
law. It is to be noted that the law holds only when (i) the body radiates as a perfect black body and (ii) 
it does not receive any heat from the surroundings. 

If a black body at temperature TK is surrounded by another black body at temperature ToK then the 
total heat radiated per second per unit area is given by 

eT Oa a) ees ace ona M MEUM (10.4) 

In case the body is not perfect black body, the heat energy radiated per second per unit area will be 


Bag Me Ta Neca andor ss ska (10.5) 
where e = emissive power of the surface. 


Ex. 10.15 : The average temperature of the filament of a 40 W bulb is 2500°C. The length of the 
filament is 10 cm and its diameter is 0*1 mm. If all the heat is radiated calculate the emissive power 


of the filament. Given, o = 5.67 x 10? cgs. 
Solution : We know that E- c e T^, e = emissive power. 
E = 40 x 107 erg / sec. A = nld =r x 10x 0:01 = 0-1 ncm? 
8 —5-67 x 10? cgs, and T = 2773 K 


Ex. 10.16 : A spherical black body with a radius of 12 cm radiates 450 watt power at 500K. If 
the radius were halved and the temperature is doubled, find the power radiated in watts. [I. I. T. 97] 


Solution : By Stefan's law total power radiated by a black body is. 
P-ocT^A [ A.= area] 
-4mR?g T^ [ where A = area of sphere of radius R ] 


Po (RETS) 
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LN NW ped n 2 5 
PR) (m) + Here 75 and T 
-(4) x(2)4 =4 
: x 


P, = 450 x 4 = 1800 watt 


10.25. Distribution of radiant energy in the spectrum of a black body : 


A black body gives out radiations of all wavelengths, But energy associated with different wavelengths 
are different. The distribution of energy in a black body radiation 
was experimentally investigated by Lummer and Pringheim in 1899 Ej, T. 
by heating a black body. The energy distributions in the black body 
radiations are shown in fig 10-18. Here E, the radiant energy at the 
wavelength has been plotted against wavelength À at a particular 
temperature of the emitting body. Different curves are obtained for 
different temperatures, 


9 Observations from the graphs. 
(1) Ateach temperatures a black body emits continuous thermal 


radiation spectrum. A.) Nn (2) à (1) 
(2) The energy associated with a particular wavelength increases Fig T 1018 P 
with increase of temperature of the black body. > 


(3) Energy distribution is not uniform among different wavelengths. For a given temperature of the 
emitting body, the energy emitted has a maximum value for a particular wavelength Àm As the temperature 
is increased, À „is found to decrease. 

Actually, À,, is found to be inversely proportional to the absolute temperature T of the black body. So 


Am ax Re Ma! Men on Ree (10...) 

The constant b is called Wiens constant. Its value is 2.842 x 10? m.k. This relation is known as Wien 
displacement law. This law can be stated as follows : j 

The wavelength of radiation for maximum energy of emission is inversely proportional to the 
absolute temperature of the black body emitting radiations. 

It is a common observation that when a body is heated more and more, the colour of the body changes 
from red ( longer wavelength ) to yellow ( shorter wavelength ). Evidently, this observation can be explained 
on the basis of Wien's law because with increasing temperature, the energy of radiation is maximum 
corresponding to shorter wavelength. ` 

Ex. 10.17 : What is the temperature of the sun so that it can give maximum emission at 
À = 5500 A*. Given, b = 3 x 103 mK. 


Solution : The required relation À,, T =b 
3x10? 
5.5x107 
The required temperature = 545 x 105 K 


Tees = 5-45 x10°K 
Xm 
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Ex. 10.18 : Two black bodies give maximum radiation corresponding to the temperatures 4000 
A* and 8000A° respectively. 
(a) Compare the temperature of the two bodies. 
(b) Compare total radiation per unit area per sec given out by the two black bodies. 
Solution : (a) In this case TÀ = Tj, 
T, A, 8000 
|-—-——22: 05 TT x2: 
T, A, 400 T: T) 22:1 


(b) By Stefan's law the total radiation given out by a black body per sec per unit area is E-6T 
4 
I BIS Ti =(2)* =16 
E; (T2 


e SHORT ANSWER TYPE QUESTIONS ( With Answers )e 


Q.1. Thermal conductivity of aluminium is 0:5 cal s! cm” *C-!, Express it in SL[ J. E. E. 1996] 
Ans. K of aluminium = 0-5 cal sec"! cm"! °C"! 
=05 x 42x 100= 210 J sec! m K^! = 210 W nr! K“ 
Q.2. Thermal conductivity of saw dust is smaller than that of wood of which the dust be formed. 
Explain. [ J. E. E. 1988 ] 
Ans. Thermal conductivity of saw dust is smaller than that of wood. The reason is ; inside the volume 


of saw dusts large amount of air is entrapped. As ait is a bad conductor of heat, the conductivity of saw 
dust decreases. 


N. B. For the same reason snow is bad conductor compared to ice. 

Q. 3. At what temperature a block of wood and a block of metal will appear equally hote — !d? 

Ans. At the temperature of the body, a block of wood and a block of metal will appear equally hot or 
cold, Because now no exchange of heat takes place between the body and the block. 

Q.4. Two rods A and B are of equal length. Both the ends of the two bars are maintained at 
temperature T, and T,. Under what condition the rods A and B will conduct heat at equal rate ? 

í [ J. E. E. "85, H. S. 2000] 

Ans. Let each rod is of length / and their areas of cross section be œ) and œz. Their thermal 

conductivities are K, and K,. By question, rate of conduction of heat by the two rods are equal. So, 


Q Ky (n-1,) _ K% (1-7) 
t 1 1 


1 Kg uk, s Eu 
K; % 
It is the required condition. 


Q.5. A sphere, a cube and a circular plate all having same mass are made of same material. 
‘They are simultaneously heated to 200°C. Now they are kept at room temperature. Which one will 
cool down slowly and which one rapidly ? 

Ans. The three given objects are made of same material and are at the same initial temperature. 
Hence the rate of heat radiation by a body will be proportional to surface area. Now for the same mass, à 
sphere has minimum surface area and circular plate has maximum surface area. For this reason, the 


sphere will radiate at a slower rate and circular plate at maximum rate. So sphere will cool down slowly 
and the circular plate rapidly. 
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Q.6. Between two thermometres, the bulb of one thermometer is coated with lamp black 
the bulb of the other thermometer is coated with silver. Compare the reading of the two thermomens 
in the following cases : when the thermometers are (i) put in water in a dark room, (ii) put in 
sunlight, (iii) kept in cloudless night. [ H. S. 2000 } 

Ans. (i) The thermometer whose bulb is coated with lamp black will show temperature of water 
later. Reason : between the bulb and lamp black a layer of non-conducting air is enclosed. As a result this 
thermometer will come in thermal equilibrium with water after some time and it will take more time to 
record water temperature. 

(i) The thermometer bulb coated with lamp black will give higher reading, Reason : Lamb black 
will absorb more heat rapidly. On the other hand, most of the heat will be reflected by the silver coated 
bulb and it will read smaller temperature. 

(ii) The first bulb coated with lamp black will read less, Reason : lamp black is a good absorber 
and also a good radiator. So, on a clear night it will give out more heat rapidly. Hence its reading will be 
less than the bulb coated with silver. 

Q.7. When current is passed through an electric heater, heat is produced continuously, But 
after some time the temperature of the heater becomes constant. Explain. 

Ans. As soon as the current is passed, the temperature of the heater gradually rises. Again, with the 
rise of temperature the rate of thermal radiation also rises. After sometime, the temperature of the heater 
will reach to such a value that rate of heat produced becomes equal to the rate of heat lost by radiation. 
Now the heater comes in thermal equilibrium with the surroundings. So although heat is continuously 
produced by the heater, it temperature does not rise. i 

Q.8. In winter iron feels colder than wood although both are at same temperature. Explain. 

Ans. It is due to the fact that iron is a good conductor on heat. During winter our body is at higher 
temperature than a piece of iron or wood kept outside in open air. When we touch the iron, it quickly 
absorbs heat from the body and conduct rapidly to other parts. But the wood cannot conduct rapidly. So 
we feel that iron is colder although the iron and wood are at same temperature, 

Q.9. A solid sphere of copper of radius R and a hollow sphere of the same material of inner 
radius r and outer radius R are heated to the same temperature and allowed «o cool in the same 
environment. Which of them starts cooling faster ? [LL T. 1982] 

Ans. The hollow sphere will start cooling faster. 

Explanation : Both the spheres have same external radius. Surface area of the two spheres are equal, 
Hence when the spheres are heated to same temperature, both will radiate heat at the same rate. 

dð 

Now, the rate of loss of heat from a sphere Q =Ms 77 
, G9 dð 1 
"wa Ms 74M 

Since the mass of the hollow sphere is less, the rate of. cooling for the hollow sphere will be faster. 

Q.10. Calculate the temperature at which a perfect black body radiates at the rate heat at the 
rate of 5.67 watt cm. Given o= 5:67 x 10 watt m^K * 
Solution : The required relation, EG T 


25:67 x10* 
5.67 x 1073 
T= 1000 K 


t (pf E = 5-67 x 104 watt / m? 
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Q.11. Two spheres of radi 1 m and 4 m respectively are made of same material. Their temperature 
are 4000 K and 2000 K. Show that the energy radiations of the two spheres per second will be equal. 


[ J. E. E. *98] 
ENTS 
Ans. We know that rate of total heat radiation is E=0 A T^ ~ E. ATA T7 
2 2-2 
z--Qy ey eke tent 
s E; 4 2000 16 | E,:E,=1:1 


@ MISCELLANEOUS EXAMPLES € 


Example. 10.19 : Burning of oil inside a well causes a change of temperature of 0.1°C at a 
distance of 500 km on the earth's surface. If the temperature gradient within the solid earth is 
uniform and the thermal conductivity of the earth is 2 x 104 K Cal s^! m=! *C-!, how much heat 


will be transferred through an area of 100 sq. km in a desert in one hour ? [ J. E. E. 91] 
Solution : Let the amount of heat transferred be Q cal 
_ KA (8, -6;)t Here, K 2 2x 10K cal s! m"'*C" 
Qe 22 x 10 cal s"! cm"! «C7 
2 1012.2 
2x10? x 10x 0-1 x 3600 LSet) Set cuna 
bm 5x10! 9,-0, =0-1°C, d=5x10’cm 


= 144 x 10? = 14:4 K Cal t = 3600 sec. 

Ex. 10.20 : The surface temperature of a pond is 0°C and air temperature —20"C. Prove that, the 
thickness of ice formed is related to time ¢ be the relation : x? = 000273 t. Given, density of ice 
= 0917 g / c.c., latent heat of ice = 80 cal g! and conductivity of ice = 0.005 c.g.s. unit. 

Solution : Let initial thickness of ice — x. 

In a small time dt, the thickness of ice increases by dx then the mass of ice formed during this small 
time = A p dx [ A = Surface Area of pond ] 

-. Heat rejected in time dt, dQ =A p L dx 


di dx  KA[0-(- 
., rate of heat condition, - = ApL aie Esper 


x t 
K6 
Integrating, IE E PL l dt 
0 0 


[ - 6° = air temperature ] 
xdx = Tn 
pL 


2 2K0, 2x0-005 x 20 
x napus -709077x80 ^ ^" x? = 0:00273 t 


Ex. 10.21 : Three rods of different material each of length / cm and area of cross section S are 
connected in series. The thermal conductivity of the materials of the rods are K, 2K and 1:5 K 
respectively. The temperatures of the free end of the first rod and the last rod are 200°C and 18°C 
respectively. 

Calculate : (i) temperature of the two junctions and (ii) rate of heat conduction through the 
system. Given, K = 0:1 cgs, S = 1 cm? and / = 10 cm. [J. E. E.] 

Solution : The arrangement of the system is 
18°C shown in fig. 10-19. The junction temperatures are 
6, and 6,. At steady state the rate of heat condition 

is same through each rod. 
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. dQ KS(20-0, 2KS(0,-06,) L5KS(0,-18) 
dt l l > 

i 200-0, =2 (0, -0,)=1:5 (0, —18) 

“+ 200+20,=30, and 3.50, - 27 - 20, 

Solving these two equations, 0, — 116*C and 8, 2 74*C 


dð KSQ00-98)) 0-Ix1 
—z =—— (200 - =0 I 
di 1 10 (200 - 116) = 0-84 cal s 


Ex. 10.22 : A cylindrical block of length 0-4m and area of cross section 0-04 m? is placed co- 
axially on a thin metal disc of mass 0-4 kg and of the same cross section. The upper face of the 
cylinder is maintained at a constant temperature of 400 K and the initial temperature of the disc is 
300 K. If the thermal conductivity of the material of the cylinder is 10 W m-!K-! and the specific 
heat capacity of the material of the disc is 600 J Kg"'K-!, how long will it take for the temperature 
of the disc to increase to 350 K. Assume for the purpose of calculation, the thermal conductivity of 
the disc to be very high and the system to be thermally insulated except for the upper face of the 
cylinder. [LI T. '92] 

Solution : Let the temperature of the lower face of the cylinder = TK. The rate of flow of heat 
dQ KA(400-T) 
dt d 
As the thermal conductivity of the disc is very high, its temperature is also TK, 

" " dQ dT 
The heat received by the disc per second , Pep 


dT _ KA (400-T) 
Hms—-——— 
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(i) 


through the cylinder is [ K = thermal conductivity of the cylinder , d= its length] 


dt d 

msd dI 
dt = — 

KA 400-T 

a2 msd? dT L 
Integrating, J re | 400- T 
0 300 

msd 400-350 ) msd msd, 2 
ma ———— |= -— log, 0:5 = ——1o 
psit. ON aeaa KA Ment gentle 

Here m = 0:4 kg, K = 10 Wm"! K-!, s = 600 J Kg! K~; d = 0:4 m and A = 0-04m? 

= 9:4 x 600 XO anton gk E T6014 sec 


10x 0-04 

Ex. 10.23 : An aluminium rod and copper rods are welded together at the two ends. Length of 
each rod is 1 m and area of cross section 1 cm?, One end is temperature 80°C and other end at me. 
Calculate of rate of heat flow through the combination. K,, = 200 Wm-!K-!, K,,, = 390 W m! K7, 
Solution : Thermal resistance of aluminium is 

I 1 


l 1 
and thermal resistance of copper, R3 =K_A 390x104 
cm 


Equivalent thermal resistance R is obtained from 


Jit, 1 1 399 410-4 =0-02+0-039 . R= 1695 Fig: 10-20 
R OR, RIO 
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-. Rate of heat flow, —=——3—=7792= 2.36 Js! 


9, 8, 8, Ex. 10.24: Three slabs of different materials of equal area are placed 
side by side. Their thicknesses are d,, d; and d,. Their thermal 
conductivities are K,, K,, and K,, Show that at steady state the composite 


slab will behave as a single slab and the equivalent conductivity K of the 
system is given by 


Ser ES doded de, dg dy 
iS, Mes ante EG ko K, [ H. S. 2001] 

1" h d; Solution : The arrangement is shown in fig 10.21 At steady state the rate 

Fig: 10-21 of flow of heat is same through each slabs. 
Q _ KA (8, -03) _ K-A (83-04) _ KA (84 - 02) 
t d, d, d; 

9 2d, x ee 04-0, 2-22 ando,-0) = 
KjAt K3At K3A.t 
If K be the equivalent thermal conductivity of the composite block then, 


Q _ KA (0, -82) 
t d +d, +d, 
Now, 0-0, 20, -0,0,—0, +6,-6, 


Q(Qd*d*d,) Qd , Qd, , Qd, 


_ Qd, * d, * di) 


9 KA t 


KA! K,At K,At K,At 
LEE LAMP MAN NON 
K KOREK 


Ex. 10.25 : The length of copper rod of uniform cross section is 1-5 cm. Its one end is at temperature 
0°C and the other end at 100°C. Which point of the rod be kept at 200°C so that at steady state, the 
mass of melted ice at a given time be equal to the mass of steam produced ? 

Solution : Let the point B of the copper rod be kept at 200°C. It is at a distance x m from the end A. 
The end A is in contact with ice and the end C is in contact with water at 100°C. 

If m be mass of ice melted per sec then the heat required is Q, = mL, [ L, = Latent heat of ice ] 

Thus heat is conducted from B to C. 


A«——— x — — 3» Bs—— (1.5 — [ej 
mt,  KAQ00- 0 x Pecel 
a 1 dox cct (i) 
Evidently, m gm of steam will be forced at the end A 100°C 200°C orc 
KA(200-100) 100KA Fig: 10-22 
mL, = E LL, = latent heat of steam ] 


x E 
Now, from these two equations : 


COT. ELE TERMI PART 
I OOM SER visam sx SP ee 
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Ex. 10.26 : At steady state the end A of a rod of len: i 
j gth 20 cm is at 100°C and th 
at 0°C. What is the temperature at a distant of 6 cm from the end A of the jd ec ri 


Solution : Temperature gradient along the rod, m= 9,79; 
l 
100-0 
- 250; 
m 20 cm 


Temperature of the point at a distance 6 cm from the end A is 0° = 100-5 x 6 = 70°C 


Ex.10.27 : The thickness of the wall of a boiler made of iron is 1-2 cm. The boiler contains water. 
Its base area 2:5 m? and temperature at the bottom outside the boiler is 120°C. How much water 
will vaporise at atmosphere pressure in one hour, Thermal conductivity of iron is 0-02 K cal m"! s~ 
1 *C-! and latent heat of steam is 536 cal g7!. 


KA (0, -8 
Solution : We Knog E C OEA 
x 
Heat conducted is an hour is Q= ALES th s =3x10°k cal 
1:2x107 
It m kg steam is formed in one hour then mx53623x10 ~ m= 5597 kg 
A. Short answer type questions : 
1. What do you mean by ‘thermal conductivity’ of iron is 015 cgs units [H. S. 2001] 
2. [tis better to have the outer surface of the cooking vessel to be black and rough; on the other hand it is better 
to have the outer surface of a calorimeter to be smooth and polished, why ? [ H. S. 2001] 


3. Define thermal conductivity of a meterial. What is its unit in c.g.s. system ? [ H. S. '96; J. E. E. 2000] 

4. Thermal conductivity of copper is 0:92 c.g.s. What will be its value in SI system ? 

5. The thermal conductivity of air is less than that of felt. But felt is used as thermal insulator instead of air, why? 

[ J. E. E. 1985] 

6. Why is ventillator kept near the ceiling of a room ? [ H. S. 1998] 

7. Why snow is better insulator than pure ice ? 

8. A wooden chair and an iron chair are kept in the sun. Which one will appear hot when touched by hand ? why? 

9. A wooden chair and an iron chair are kept at the roof of house at a winter night. Which chair will appear cold 
when touched ? Explain. 

10. When copper gauge is placed above a burning flame of bunsen burner, the flame can not go above the gauge. 
Explain. 

1l. At what temperature a piece of wood and a piece of iron will appear equally hot or cold ? Explain. 

12. Sand dustis better insulator that wood from which sand dust be obtained ? Explain. 

13. A cloudy night appears hotter than clear night. Explain. 

14. Two rods A and B are of equal length and their ends are maintained at T, and T}. Under what condition, rate 
of flow of heat will be same through each rod ? [J. E. E. '88; H. S. 2000] 


15. Burning sensation is felt when a piece of metal cooled to liquid air temperature of -183*C. pn au 


[ H. S. '83] 


16. Birds inflate their feathers to keep them warm. Why ? d 
17. Two spheres of same meterial have radii 1 m and 4m and temperature 4000 K and 2000 K respectively, The 
energy radiated per second by the first sphere is greater than that by the second. State whether the statement is 

(1. L T. 88] 


true or false. 
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Heat is generated continuously in an electric heater but the temperatures becomes constant after sometime 


why? [LIT] 
Two thermometers are constructed in the same way except that one has a spherical bulb and the other one 
elogated cylindrical bulb. Which one will respond quickly to temperature changes ? LI. L T. 1973] 
Why it is comfortable to wear while cloth in summer and black cloth in water ? [ H. S. 2002] 
The final temperatures of objects of different colours placed inside a closed vessel are equal. From this 
phenomenon prove that good radiators are good obsorbers. [ J. E. E. '88] 


In which mode of transmission of heat, no material medium is required. What is the characteristics of this 
made. . 

Define thermal diffusivity ? 

The bulb of a thermometer is polished and bright. But the bulb of another thermometer is black and rough. 
When they are placed side by side in the sun, what will be the difference of readings ? 

What is a black body ? What is black body radiation ? 

State Kirchhoff's law of radiation. ` 

Good absorber is also a good radiator. Explain. 

State Newton's law of Cooling. When this law is valid ? 

When a body is gradually heated it becomes red first and then white. Explain. 

State Stefen's law related to black body radiation. 

‘In polar region surrounding temperature is —15*C and a thick layer of ice is formed on the surface of ponds. 
What is the temperature of water just below ice and at the bottom ? 

What is thermal resistance ? Write its expression. 

What is black body ? How can it be realised in practice. 

State Wien's displacement law related to spectral energy distribution of a black body. 

What is meant by "Wien's constant is 0:2898 cm k ' ? 

Wavelength corresponding to maximum radiation for the moon is 14 micron. Extimate the temperature of the 
moon, if b = 0:2884 x 107? mk. [ Ans. 206 K] 
A body with large reflectivity is a poor emitter. Explain why ? 

How can Wien's displacement law be used for determining temperature of the surface of the sun ? 

What are absorbing power and emissive power of a black body ? 

At what temperature, a body does not radiate ? 


41. A liquid is generally heated from below. Explain . 
42. Define thermal diffusivity. [ H. S. 2003] 
Essay type questions : 
1. Describe the differant modes of transmission of heat. [H. S. 2001] 
2. (a) What is meant by thermal conductivity of a material ? Define its C. G. S. and S. I unit. Also obtain the 
relation between the two units. 
(b) Describe an experiment to compare thermal conductivities of different metals taken in the term of bar. 
3. (a) Explain convection of heat. Give examples. 
(b) How trade wind is created ? 
4. What we mean by unsteady state and steady state in connection with conduction of heat. Explain differsivity. 
5. (a) What are meant by ‘thermal resistance’ and ‘thermal resistivity’ ? 
(b) Two plates of same thickness but of different metrials are placed side by side to forma composite slab. If 
K, and K, be their thermal conductivities, calculate the equivalent thermal conductivity of the composite slab. 
6. What is perfect black body ? Discuss Ferry’s black body. 
7. State and explain Kirchhoff's law related to emissive power of a black body. Mention some of its applications. 
8. State and explain Newton's law of cooling. 
9. 


(a) State Green House effect. How plants in protected in cold countries ? 
(b) Explain why cooking becomes quicker if the bottom of the cooking vessel be made black and rough. 


TRANSMISSION OF HEAT j 703 


C. Simple numerical problems : 


1. 


3. 


10. 


11. 


12. 


13. 


14. 


Total area of glass panes of all the windows of a room is 10 sq metres and thickness of glass is 4 mm. The 
temperature of inner and outer faces of glass windows are respectively 20°C and 5°C. Calculate the amount of 
heat flowing out of the room per minute through the windows. Given, thermal conductivity of glass is 0:002 
cgs. : [Ans. 45x105cal] [H. S. 1995 ] 
A block of ice at 0°C is connected to steam chamber by a metal rod of length 10 cms and of cross section 2 cn? 
Calculate the amount of ice that will melt per sec. Latent heat of fusion of ice = 80 Cal / g and Coefficient of 
thermal conductivity of the meterial of the rod = 0:25 cgs. [ Ans. x gm] [H.S.1996] 
A hollow metallic cube has each side 10 cm long and 1 cm thick. It is completely filled up by ice and then 
placed in water at 100°C. How much ice will melt per minute ? ( Coefficient of thermal conductivity of the 
metal is 0-5 cgs; latent heat of ice = 80 cal g^ ) [Ans. 225kg] [W.B. H. S. 1998] 
Three slabs are of thickness dj, d and d4. They are of same length and breadth. The thermal conductivities of 
the meterial of the slabs are K}, K, and K, respectively. They are piled up one over the other in the order 1, 2, 
3. Show that the combination behaves at the steady state as a single slab of thermal conductivity K, given by 


d+d,+d, d, d, d 
87075 —L Ee 
k Roan [H. S. 2001] 


The thickness of ice in a pond is 5 cm. The temperature of air above ice is —10°C, At what rate heat will be 
conducted per square cm through the ice ? Thermal conductivity of ice = 5 x 10 cgs. 

[ Ans. 107 cal s7! ] [ H. S. 2003] 
The area of a copper plate is 1 m? and its thickness is 5 cm. The difference of temperature between its two 
surface is 10°C. If thermal conductivity of copper be 0:9 c.g.s, how much heat will be conducted through the 
plate in 10 min ? Also calculate temperature gradient across the plate. — [Ans. 1:08 x 107 cal; 2°C/ cm] 
The thickness of the wall of a vessel is 1 em and area of its outer surface is 1000 cm?. The vessel is full of 
water at temperture 100°C which is arranged to be kept constant, When the vessel is put inside ice at 0°C 120 
kg of ice melts per minute. Calculate thermal conductivity of the material of the vessel. Latent heat of ice = 


80 cal g7!. [ Ans. 0:16 cal cm" sect] 
Two bars having same radius have same thermal resistance. The ratio of their thermal conductivities is 4 : 3. 
Calculate the ratio of the lengths of the two rods. [ Ans, 4:3] 


The ratio of thermal conductivities of two metrials is 2 : 3. From these two materials two rods having same area 
of cross section and equal thermal resistance are made. Calculate the ratio of the lengths of the two rods. 

[ Ans. 2:3] 
The length, breadth and thickness of a metal plate are 1m, 1 m and 1 cm respectively. The difference of 
temperature on the two opposite surfaces is 10°C. Calculate heat conducted per minute through the plate. 
Thermal conductivity of metal is 0-96 cgs. [ Ans. 5:76 x 105 cal ] 
The two end P and Q of a rod PQ of length 20 cm are kept at temperature 100°C and 0°C respectively. At 
thermal equilibrium what is the temperature at the point 6 cm from the end P? [ Ans. 70°C ] 
The length of a copper rod of uniform cross section is 100 cm. The two ends of the rod are maintained at 100°C 
and 0°C respectively. At the two ends of the rod there is a layer of water of thickness 0:1 mm. Calculate 
temperature gradiant along the length of the rod. Thermal conductivity of copper is 1-04 cgs and that of water 
= 0:0014 cgs. [ Ans. 0:87 *C / cm ] 


Two vessels made of different materials are of same shape and size. The thickness of the wall is also same for 
the two vessels. The two vessels are filled with equal mass of ice at 0°C, If all ice in the two vessels completely 
melts in times 10 and 25 min, compare the thermal conductivities of the two vessels. [Ans.25:1] 
The bar area of a boiler is 0:15 m? and thickness of the wall is 1-0 cm, When it is placed on a gas stove steam 
at the rate of 6-0 kg / min is produced. Calculate themperature outside the base of the boiler. Given, thermal 


Epit 1 
ivi = 609 J s! m=! *C-! and latent heat of vaporisation of water = 2256 Jg 
conductivity of brass Fe ne) 
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15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


27. 


F 29. 
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A room has two glass windows, each of area 2m? and thickness 3mm. The inside and outside temperatures of 
the room are 25°C and -5°C respectively. How much coal is to be burnt per day to replenish the heat that is 
conducted away through the two windows ?[ Heat due to burning coal = 8000 cal / g and thermal conductivity 
of glass = 2:4 x 10? cgs] [ Ans. 103:68 kg] [ H. S. '84] 


In Ingenhauz's experiment, it is found that wax melts over 6 cm of iron rod and 15 cm of copper rod. Calculate 
thermal conductivity of copper. Giving thermal conductivity of iron is 0:144 cgs. [ Ans. 0:90 cgs units ] 
Three slabs of thickness 5 cm, 10 cm and 15 cm are made of different materials placed side by side. Their 
thermal conductivities are 0-7, 0-4 and 0:2 cgs units. The free and of the firstslab is at 100°C and free rod of the 
last slab is at 0°C,. Calculate the temperature of the two junctions. [ Ans. 93:3*C; 70°C ] 
The surface area of an iron plate is 150 cm? and thickness 04 cm. The two surfaces of the plate are maintained 
at 100°C and 30°C. If rate of flow of heat perpendicular to the surface be 3940 cal/ sec, Calculate thermal 
conductivity of iron. 

[ Ans. 0:15 cgs ] [H. S. '83] 
Steam an 100°C is being passed through a copper tube of length 2m, thickness 2mm and circumference 20cm. 
25000 g water at 100°C is coming out per minute through the otherend. What is the temperature of the outer 
surface of the tube. Thermal conductivity of copper = 0:9 cgs and latent — of steam = 540 cal / gm. 
[Ans. 87.5°C ] [ Hint : mL = rale ce) 9$): nsn 
The surface area of a plate made of a bad conductor is 2m? and its thickness 5 cm. One surface of the plate is 
heated by an electric heater by a current of 1-18 A is passed under a potential difference of 20 volts. If the 
temperature at one surface is 12:5°C and that of the other surface is 0°C. If no heat is lost calculate thermal 
conductivity of the material of the plate. [Ans. 1-12 x 10 cgs ] 
The thickness of ice on the surface of a pond is 3 cm. The surrounding temperature is -20*C. At what time the 
thickness of ice will increase by 0-1 mm. Given, thermal conductivity of ice 0:005 cal cm"! s~! °C-!. Latent 
heat of ice = 80 cal/g and density of ice = 0-91 g / c.c. [ Ans. 22:35 sec ] 
The surface temperature of the sun is 5450°C. Calculate the rate at which energy is radiated per cm? of the 
sun's surface. Assume the temperature of surrounding space to be 0 k. Given stefen's constant = 5:7 x 1075 
ergs s^! cm? K+. [ Ans. 1:455 x 10? cal ] 
The temperature of a furnace is 1527°C. A small hole of area 0:5 cm? is made on the wall of the furnace. If the 
hole behaves as a perfect black body, calculate the heat radiated per sec from it. Given 
825.7 x10^?ergss"cm?K^* [ Ans. 7:123 cal s7!] 
The effective surface area of box made of non-conductivity material is 2:5 m? and thickness of the wall is 4 cm. 
The temperature inside the box is kept at 60°C above the surrounding temperature by an electric heater provided 
inside the box. The power input to the heter is 120 watt. Calculate the thermal conductivity of the material of 
the box. [ Ans. 7:62 x 1075 cgs units ] 
Heat is conducted through a slab composed of parallel layers of two different meterials of conductivities 134-4 
SI units and 58:8 SI units and of thickness 3:6 cm and 4-2 cm respectively. The temperature of the outer faces 
of the compound slab are 96°C and 8°C. Find (i) the temperature of the interface (ii) temperature gradient at 


each section of the slab. [ Ans. (i) 72°C, (ii) 6:667 °C/ cm; 15:24*C / cm ] 
Calculate the thermal resistance of an aluminium rod of length 20 cm and area of cross section 4 cm?. 
Ky 7 210 Js7! m7! k-!. [ Ans, 2:58 SI] 


A black body radiates heat at the rate of 3-0 w cm’. Find the wavelength corresponding to the maximum 
energy emission. 
Given, ¢=5-67x10*wm 7k; b=2-9x107mk, [ Hint: E=oT*;aT=5 ] [ Ans. 3-4 x 105m] 
A thin wire of length 50 cm and area of cross section 3 x 10-4 m? is heated to 727°C. How much electric power 
is needed to maintain the wire at this temperature ? Giving emissivity of the wire, e = 0-25 [ Ans. 4:2 watts ] 
[ Hints. E - eAoT^] 
A furnace is maintained at the temperature 2000 K. At what wavelength does it radiate maximum energy. 
[ Ans. 1.45 x 104A°] 
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p. Harder numerical problems : 


1. 


10. 


11. 


12. 


The radius of a sphere is 5 cm and 


Two metallic plate of equal cross sectional area and thicknesses d, and d, and thermal conductivities K, and 


K, are placed in contact. Prove that their equivalent thermal conductivity is given by K = dtd, 
1 SL 
K; K, 
4 [ J. E. E. 2003 ] 
The water in a kettle is boiling on a stove. The base area of the kettle is 300 cm? and its thickness is Imm. If 
3 g steam is formed per minute calculate the difference of temperature between outside and inside of the kettle. 
Latent heat of steam = 540 cal g~! and thermal conductivity of the meterial of the kettle is = 0'5 cgs units. 
[ Ans. 0:054°C ] [ J. E. E. '87] 
A copper bar of length 75 cm and steel bar of length 125 cm are joined together end to end. Both are of circular 
cross section with diameter 2 cm. The free ends of the copper and the steel bars are maintained at 100°C and 
0°C respectively. The curved surfaces of the bars are thermally insulated. Calculate the temperature of the 
copper steel junction ? Also calculate the rate of transmission of heat through the junction. Thermal conductivity 
of copper 29:2 x 102 k cal m™!°c-!s~! and that of steel = 1-1 x 107? k cal m-! *C-! s7! 
[ Ans. 93:3*C; 0:258 cal s YL LL Ty] 
A roomis maintained at 20°C by a heater of resistance 20 ohms connected to 200 volts mains. The temperature 
is uniform through out the room and the heat is transmitted through a glass window of area 1m? and thickness 
0:2 cm. Calculate the temperature outside, Thermal conductivity of glass = 0:2 cal m! *C-! s~! and mechanical 
equivalent of heat is 4:2 J / cal. [ Ans, 1524*C ]L LL T ] 
An electric heater is used in a room of total wall area 137 m? to maintain a temperature of 20°C inside it when 
the outside temperature is — 10°C. The wall have three layers of different materials. The innermost layer is of 
wood of thickness 2:5 cm, the middle layer of cement of thickness 1-0 cm and the outmost layer is of bricks of 
thickness 25 cm. Find the power of the electric heater. Assume that there is no heat loss through the floor and 
ceiling. The thermal conductivities of wood, cement and bricks are 0:125, 1-5 and 1-0 wall m~! K^! respectively, 
[ Ans. 9 KW ] [ I. L T. '86] 
A hollow metal sphere of internal radius 3 cm and external radious 4 cm is surrounded by another concentric 
hollow sphere of internal radius. 4 cm and external radius 5 cm. The thermal conductivity of outer sphere is 
twice that of the inner sphere. If the inner surface of the inner sphere be maintained at a temperature of 100°C 
by means of a heater placed in it and outer surface of outer sphere is maintained at 0°C by melting ice, find the 
temperature of the surface of contact of the two spheres. [ Ans, 23-08°C | [ J. E. E. 94] 
Steam at 130°C is passes through a rubber tube of external radius 12 mm and internal radius 7 mm. External 
temperature 30°C, Calculate the heat conducted per unit length of the tube. Thermal conductivity of rubber = 
021 wm k-! [ Ans. 245 Js! nr! ] 
Dry steam at 100°C in passes through a rubber tube of length 1 m and the surrounding temperature is oc. 
Internal radius of the tube is 1 cm and thickness of rubber 4 mm. If 10 g steam condenses to water in 5 sec, 
Calculate thermal conductivity of rubber. Į Ans. 5:8 x 107? cgs unit ] 
The thickness of ice on a pond is 5 cm and air temperature ~15°C. Calculate the rate of increase of thickness 
of ice. Thermal conductivity of ice = 1:68 W mr! k~!, Latent heat of ice = 336 kJ / kg and density of ice = 
930 kg / m3. [ Ans. 1-6 x 1075 ms: ] 
temperature 927°C. If it behaves as a black body, calculate its rate of 
emission of heat. Stefen's consent g5-67 x 10 *w m?k* [ Ans. 3692k w] 
The initial temperature of a black body is 300°C. It is kept in chamber maintained at 0°C. The temperature of 
the black body falls at the rate of 0:35"c / sec. Mass of the body is 32 gm, its sp heat 0-1 cgs and E a 
8 cm?. Calculate stefan's constant. [Ans.o= t x 10 ergs sem? C7] 
The temperature of the filament of the bulb is 300 K and its surface area 10-5n?.. It emissive power MU 
Calculate the amount of heat radiated per min bythe filament. [ Ans. 11712J ( min)" ] 
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14. 


15. 


16. 


17. 
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The power of an electric bulb is 40 W and the average temperature of the filament is 2500 K. The length of the 
filament is 10 cm and its diameter 0-1 mm. If all the heat is radiated, calculate emissive power of the filament, 

[ Ans. 0:38 cal *C-! cm2] 
The temperature of tungsten filament is 2500 K and power 60W. If emissive power of the filament be 0:35. 
Caculate the area of the filament. [ Ans. 7-7 x 105 m2] 
The temperature of a liquid decreases to 50°C from 80°C in 5 min. After what time its temperature will 
decrease from 50°C to 30°C ? Surrounding temperature 20°C. [ Ans. 10 min ] 
The temperature of a copper ball decreases from 62°C to 50°C in 10 minutes and during the next 10 min the 
temperature lowers to 42*C. What will be the temperature after another 10 min ? Calculate also surrounding 
temperature. Y [ Ans. 36:7°C; 26°C ] 
The earth receives radiation from the sun at the site of 1400 w m~. The distance of the centre of the earth from 
the surface of the earth is 1-5 x 10 !! m and the radius of the sun is 7 x 108 m. Treating the sun as black body, 
calculate its surface temperature from the above data. [ Ans. 5803 K ] [ I. I. T. 89] 
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SIMPLE HARMONIC MOTION 


TOPICS : Periodic motion ; Characteristics of oscillatary motion ; Simple harmonic, 
motion ; Periodic and Harmonic function ; Relation between SHM and UCM ; 
Diplacement equation of SHM ; Velocity and acceleration of the particle executing 
SHM ; Phase of Particle in SHM ; Energy of a particle in SHM ; Examples of simple 
harmonic motion ; Compositions of the two collinear SHMS ; Examples ; Exercise. 


1.1. Periodic motion : 


All motions in the physical world is either linear or periodic. In the first few chapters of mechanics 
we have considered linear motions. The linear motion may be uniform or accelerated. Next we have 
considered circular and rotational motion. The later motion repeats itself after a definite interval of time. 
They are periodic, e.g. the motion of the hands of a clock or motion of earth round the sun. 

Definition : Any motion that repeats itself after a regular interval of time is known as periodic 
motion. 

If the particle in periodic motion moves back and forth over the same path, its motion is vibratory 
or oscillatory. Some examples of oscillatory motion are : the motion of balance wheel of a watch, the 
bob of a -pendulum clock, a mass attached to a spring, the prongs of a tuning fork. Apart from all these 
machanical system, the atoms in a solid vibrate. The electrons in radiating or receiving antenna are in 
oscillation. 

In periodic motion the particle moves in a definite path. The particle crosses the same point of its 
path from the same direction after definite interval of time. 

in this chapter we shall study the simplest and smoothest type of oscillatory motion, namely, simple 
harmonic motion (SHM). Among the various types of periodic motions, SHM is of central importance 
for the following reasons : 

(i) the oscillations of all physical system is simple harmonic or a close approximation to it. 

(ii) the study of SHM is essential for the understanding of various wave motions. 

(iii) any complex oscillations can be expressed as a combination of harmonic motions. 


* Why does a system oscillate ? 
The oscillation of any physical system results from two basic properties of the system. These are: 


Elasticity and inertia : 
Suppose a body be in equilibrium position where net force acting on it is zero. Now let the body 
be displaced by a small distance x from the equilibrium position. When it is released a restoring force 
acts on the body. It tends to bring it to its initial position x = 0 by imparting on it a negative m 
dx/dt. But inertia tries to oppose any change in velocity. When the body comes to x = 0 palig t d 
negative velocity is maximum. So, the body overshoots the position of equilibrium. The prs t: 
now becomes positive. The velocity keeps on decreasing and ultimately becomes zero When 
negative. 


The restoring force tends to bring the body to equilibrium position (x ^ 0) by imparting a velocity. 
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But inertia tries to preserve the velocity and the body overshoots the equilibrium position. This process 
repeats itself and the body oscillates. 


1.2. Characteristics of oscillatory motion : 


Oscillatary motion is a periodic motion when the particle moves back and forth repeatedly over the 
same path. So an oscillating particle crosses any point of its path periodically from opposite directions. 


Examples : (i) vertical motion of a body suspended from a spring (ii) the motion of the bob of a 
simple pendulum. 


(i) Let one end of a spring is fixed to a support and a body is suspended from 
its lower end [Fig. 1.1]. It is now pulled downward and then released. The spring 
then periodically expands and contracts. The body also executes to and fro motion 
along a vertical line. In the fig., A is the equilibrium position. It executes motion 
between C and B. Evidently it crosses any point of its path twice — once during 
upward motion and then during downward motion. If the applied force does not 
exceed elastic limit, it will go on oscillating. This oscillatory motion of the body is 
called linear periodic motion. 


(ii) In fig. 1.2. the bob of the simple 
pendulum is initially at its equilibrium position 
O. It is pulled aside and then released. The bob 
oscillates along the path AOB. The bob crosses 
any point of its path once from left and then 
from right. If the angle 6 is small, the path AOB 
is a straight line. So the motion of the bob is also 
a linear periodic motion. 


1.3. Some definitions related to periodic motion : 


(i) Complete oscillation : An oscillation is complete if the 
oscillating particle passing through any point of its path returns to the 
same point along the same direction. 


(ii) Amplitude : The maximum displacement of the oscillating particle on both sides of the mean 
position is called amplitude of its motion. In fig. 1.2, OA or OB is the amplitude of oscillation. the 
maximum linear displacement is called linear amplitudes. And maximum angular displacement is called 
angular amplitude. 


(iii) Time period : The time taken by the oscillating particle to make one complete oscillation is 
defined as time period of oscillation. It is denoted by T. 

(iii) Frequency of oscillation : The number of oscillations completed in one second is called 
frequency of oscillation. It is denoted by n. Frequency is reciprocal of time period, So, n = 1/T. 

1.4. Simple Harmonic Motion : 

Simple harmonic motion is a special type of periodic motion. It may also be treated as a simplest 
type of oscillatary motion. It is of great importance in all branches of physics. Any complex oscillatory 
motion can be expressed as a combination of a number of simple Harmonic Motions. For this reason 
SHM is very important in physics. 

Definition : Simple harmonic motion is a periodic motion in which the force acting on the moving 
particle is proportional to the displacement from the mean position and is always directed towards 
the mean position. š 


Let a particle P is oscillating along a straight line between the points A and B about its equilibrium 
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position O [Fig. 1.3]. At any instant the displacement of the particle is x from the equilibrium position. 


If at this instant F be the force acting on the particle directed towards O, then by the definition of simple 
harmonic motion, 


Fa-x or, F=-k 
pner Ske cooper Se DIU DOS ET 


` k 
=. acceleration of the particle, f =-—x F>0 
FE 


or, f 9-0 x ELE (1.1) Fig. 1.3 


The negative sign shows that the force is directed opposite to the displacement of the particle. 


F As the force is always directed forwards the mean position it is 
also called restoring force. Fig. 1.3(a) show the linear restoring force 
graphically. 


© Characteristics of Simple Harmonie Motion : 
(i) It is a special type of periodic motion. 


x (ii) The magnitude of the acceleration of the particle (and also the 
force) is directly proportional to the displacement of the particle. 
F=—kx (iii) The acceleration (and the force) is always directed towards 


the equilibrium position. 
Simple harmonic motion may be of two types : (i) linear and 
Fig. 1.3(a) (ii) angular. 
(i) If under the action of the restoring force the particle moves along a straight line then the motion 
is linear simple harmonic motion e.g. motion of a spring along its length. 


(ii) on the other hand, if under the action of a restoring torque, the particle executes a rotational 
motion about an axis, then the motion is angular simple harmonic motion. 


1.5. Periodic and harmonic function : & 
The smallest time interval after which a motion repeats itself is called the time period (or period) 
of the motion. It is denoted by T. So, if f(/) is a periodic funciton: of period T then 
f(t T) = fe 


A periodic motion is represented by sine and 


cosine functions of time t. So, i fo) 
21 21 0 l 
t) 2 sin — t and g(t) = cos—t T/2 m 
f) a g(t) T » 
represent periodic function and are also called simple 10 
harmonic function or sinusoidal functions. Replacing 
t by (t + T), these two equations becomes 0 TÀ T 


f(t+T)= sin == +T) sin =f 


Fig. 1.4 
2 
and g(t+T)= cos (t+T) = cos t=g(t) 


The fig. 1.4 shows how these functions vary with time. These functions oscillate between maximum 


value +1 and minimum value —l passing through zero in between. These are simple harmonic 


functions. 
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All harmonic functions are also periodic functions. But all periodic functions are not harmonic 
functions. Fig. 1.5 showed some functions which are not harmonic. They repeat itselt in a period T, but 


cannot be represented by simple sine or cosine function as in fig. 1.4, 
1.6. Periodic functions representing simple harmonic motion : 


A simple harmonic motion (SHM) can be 
represented by the function 


J (Q)=a sinat +b cos@t .......,., (1.2) 


Now, by proper choice of the coefficients a and 
b, the SHM can be expressed by a periodic function 
in the following convenient forms : 


(i) Let a = A-cos0 and b = A -sin 0 


Where PA e Nat tb and fall oee 
T 


a 


Fig. 1.5 -. From equation (1.2), 
f 0) = A.sin ot cos +A cos o sin 0 E 
xx LESS AC sin COLNE) QUU UMN E E aii D (1.3) 


(ii) Now, let a 2 —A sinO and b = A.cosO 
where A = Ja? +b? tan 0 o 


7 f (t) = A.cos0 cos wt -a sin 8.sin ot 
ACRL OEA QT Ne US s MT c MT (1.4) 


The equations (1.3) and (1.4) obtained from (1.2) represent SHM. In these equations (i) A is the 


amplitude, (ii) the argument of the trigonometric functions (o4 + 6) is called the phase at time ¢ and 0 
is the initial phase. 


Example 1.1. : A simple harmonic motion is represented by the following periodic function : 
f (t) = Ssin(10t - 0-4)cm Write down its amplitude, angular frequency, frequency, time period 


and initial phase. 
Solution : General form of simple harmonic motion is F(t) = A.sin(or +) 
Comparing the given equation with this equation we write 
(i) Amplitude A = 5 em 
(ii) Angular frequency, o = 10 rad/s 


(iii) Linear fi n 2 Bu 159 H 
equency, n=—-=— =I: z 
eed 21 2m 

I 1 
iv) Ti iod, T-—2—— = 6 ec. 
(iv) Time period. H £50 63 sec. 


(v) Initial phase, 6 = 0:4 rad 

1.7. Relation between SHM and Uniform Circular Motion : 

Let a point (called reference point) moves along a circle of radius a (called reference circle) in the 
anti-clockwise direction with uniform angular velocity œ. So the motion of the point is periodic motion 


with the time periodic pe 
v 
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XOX' and YOY' are two mutually perpendicular diameters of the reference circle. At £ = 0, the 
reference point is at Py such that ZXOP, =a . After a time /, the point moves from P, to P . Its angular 
displacement is ZP9OP 20 - ot [Fig. 1.6]. 
From.the position P, the perpendiculars PN-and PM are drawn on XOX' | ive 
Ae Cee and YOY' respectively. Let 


As P revolves along the reference circle, the feet of the perpendiculars N and M executes a to and 
fro motion along the diameters XX‘ and YY' respectively with O as the mean position. As the rines 
point makes one complete revolution along the circle, the point N or M completes one oscillation along 
XX' or YY’. So, the time period of the reference point is equal to the time period of points N and M 
Hence the motion of N or M is periodic. t 

Now, the speed of the reference point, v = wa 


2 
Y " s v 

and its centripetal acceleration, f, = — =a 
a 


Again, ON = x = OP.cos(0--a) =a cos(o/ +a) 


Acceleration of N is the component of f, along XOX" 


y 2 
“fy =-f, cos(ot +a) = -o acos(or +a) = -o?x 


Also, OM = y = OP.sin(8--a) = a.sin(ot +a) 
Acceleration of M is fy 7 —/, sin(0+a) = -wa.sin(o4+ a) = —a? y 


RA AVA RT y rm ed eer es (ii) 


Hence the motion of the point N or M is simple harmonic as the acceleration is proportional to 
displacement. Hence, 

Simple Harmonic motion is defined as the projection of uniform circular motion along one of 
the diameters of the circle. 


It is the geometrical definition of SHM. 
1.8. Graphical representation of simple harmonic motion : 


We know that the projections of uniform circular motion along X-axis and Y-axis separately represent 
simple harmonic motion. 

To study the displacement- 
time graph we have to consider 
the motion of reference point 
along a reference circle. We 
draw a reference circle of 
radius ‘a’. The reference point 
moves over the circle with a 
time period T [Fig. 1.7(a)). We 
know that the foot of the 
Fig. 1.7 perpendicular drawn from 
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different positions of the reference point on the diameter COD will execute a simple harmonic 
motion. 

At t = 0, the reference point is at P, (coinciding with A) and reaches the points P}, P5, P4, ..... P. 
2T 3T 4 { 
after times ‘= gp gre T respectively as shown in fig. 1.7(a). 

Fig. 1.07(b) shows the graph between the displacement or projection of the uniform circular motion 
along Y-axis and the time £ i.e. between y and t. By joining the points 0*, 1^ 25 ....., 8' a sine curve is 


. 2n 1 " 
obtained. Evidently it is the representation of the equation Y = asin et which describes SHM along Y- 


axis. 


Thus the projection of a uniform circular motion on a diameter of the circle is a simple harmonic 
motion. 


1.9. Displacement equation of SHM : 


To derive the displacement equation of SHM, we shall consider the SHM as the projection of 
uniform circular motion on a diameter of the reference circle. 


s We consider the reforce circle of radius a with its centre at O. 
p The reference particle moves with an angular velocity o. At ¢ = 
0, the particle is at A and after a time ¢ it comes to P [Fig. 1.8]. 
Displacement of the particle is ZAOP = 9 = oz . M is the foot of the 
B LN A perpendicular PM on the diameter AOB. Motion of M along the 
diameter AOB is simple harmonic. This displacement of point M at 
this instant is OM = x measured from the mean position O. So, x is 
the displacement of SHM at any time z. Hence, 
The displacement of a particle in SHM at any instant is the 


Fig. 1.8 > distance of the particle from the mean position at that instant. 
Now, in the triangle POM, OM = OP cos 0. 
Scent. COS! EA COSL rot ane Nase Id inre Sena DNS. REOR AD on S (1.5) 


The equation (1.5) connects the displacement of a particle executing SHM with its amplitude and 
the angular velocity of the corresponding reference point. It is called the equation of SHM. 


Alternatively, we may assume that the reference particle starts 
from C and it comes to P after a time / [Fig. 1.9]. Here COD is another 
diameter perpendicular to AOB. 


Here ZCOP = 0 =r is the angular displacement of the reference 
point in time ¢. 


So, x = OM = OPcos ZPOM = acos (90— 0) 
or, x asin 0 — 4. Sinite teuer TU (1.6) 
Again, if we consider the projection of the motion of P on the 
diameter COD, similarly we have 


y=a.cos 0 ) D 
and y =a cos of Fig. 1.9 


The equations (1.5), (1.6) and (1.7) represents the equation of SHM. 
The equation of SHM may be derived by counting time from any instant. 
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Now, at ¢ = 0, the reference particle be at A [Fig. 1.10] and after a time £ it comes to P such that 
ZXOA =a and ZAOP - 0 - ot. 
Then the displacement 
becomes 
x =a cos (0 + a) 
-acos(Qt* Q)..... eee (1.8) 
<. Similarly, the changed form 
of equation (1.6) is 
“x =a sin (0 + o) 
= a sin (Qt e) cy sree sien (1.9) 
Again, let the initial position Fig. 1.10 Fig. 1.11 
of the particle be A‘ [Fig. 1.11] 
In this case, the equation of motion of M executing SHM is x = a cos (wf — a) 


or, x = a sin (Wt d)... metet mene (1.10) 
The equation (1.9) and (1.10) represent the most general form of the equation of SHM. 
1.10. Velocity and acceleration of the particle executing SHM. 


(A) Velocity : The velocity of SHM executed by the projection of the revolving particle along X- 
axis at time / is equal to the component of the velocity of the revolving particle along X-axis at that time. 


The reference particle moves along the reference circle of radius a with constant angular velocity 
w [Fig. 1.12]. Then at any instant /, the velocity V = aw of the revolving particle at the point P is directed 


along the tangent PQ as shown in fig. 
The component of V parallel to OA is v = V cos 0 


+ The velocity of M at time £ is 
v = Vos 0 = aw cos 0 


2 
= aox1-sin^ 0 =aw E [= x=asin 6] 
yen 
ek POR dr nesisios s (1.10) 


(i) The velocity at the mean position (ie. at x — 0) is 


maximum. 


* Vinax = wa 


Fig. 1.12 


(ii) The velocity at the extreme position (i.e. at x = a) is zero. 


Minin = a! -a’ =0. 

(B) Acceleration : The acceleration of SHM executed by the 
projection of revolving particle along X-axis is equal to the component 
of the acceleration of the reference particle along X-axis at that time. 

The reference particle is revolving along the circle of radius a 
with angular velocity o. Its acceleration towards the centre aleng PO 
called centripetal acceleration is f, = oa [Fig. 1.13]- 


Its component parallel to AOB is —w?a . cos 0 
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*. acceleration of M is f= —»/a cos 0 = —?a cos wf 


So the acceleration of SHM is always directed towards the mean position. 


From equation : (1.11) 


(i) The acceleration of M is maximum when x =+q i.e. when M isat A or B. f. 
=0. 


z 
-to'a 


(ii) The acceleration of M is minimum when x = 0 i.e. when M is at 0. fiin 
* Velocity and acceleration of SHM by calculus : Let the displacement equation of the particle 
is SHM is x = a sin ot. 


dx 
-. Velocity of the particle is v ree cos ar 


5 3 
| Bae | x ee 
^ ¥=awV1—sin? of = ao I-— -0va -x 
a 


: sags dv 2 2 
And the acceleration of the particle is f pU -a0' sin of = —Q' x. 


© Time period : From the equation (1.11), © = £ [neglecting -ve sign] 


x 
> 3 1 
^. time period, T = AN ON X = In| — 
w f flx: 
l 
6 T = 2 [A 
acceleration at unit displacement 
muy mass 

force on the particle at unit displacement 


Example 1.2. : The equation of motion of a particle in SHM is x = 10 sin (10t — 2/6). Obtain its 
expression for velocity. Also calculate maximum acceleration. 
Solution : The expression for the velocity of the particle is 


v2oya? -x? 
-10/100—x? [o = 10 rad/s, a = 10] 


2nd Part : Maximum acceleration of the particle is f = -w2a = — (10 x 10 = —1000 


* Relation among displacement, velocity and acceleration of SHM. 


The particle in SHM is oscillating between the two points A and B about the mean position O 
[Fig. 1.14]. Amplitude of oscillation is a. If the time is counted at the instant the particle crosses the mean 
position O then, the equation of displacement, velocity and acceleration is 


r . 2m 
xX =a sin ot =a sin—.t 
T 
21 
v=a 0 cosor = ao foe [9] 


2n 
I OZ 2, i z-— 2, Me 
and f = -aw ^ -sin of = -aw ° -sin m t Fig, 1.14 
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The variation of displacement, velocity and acceleration of the oscillating particle with time is 
shown in fig. 1.15. 


In the following table we show the displacement, velocity and acceleration at different times utilising 
the above three equations. 


Time (t) 


1.11. Phase of a Particle in SHM : 


Phase of a particle in SHM denotes the state of motion of the particle. By state of motion at any 
instant we mean the position, velocity and acceleration of the particle at that instant. Now, the equations 
of displacement, velocity and acceleration of SHM are given respectively by 

x=a sin or =a sin 0 
v =a @ cosot = ao cos 0 


and f = -aw .sin ot = -ac? .cos 0 D 
Here amplitude ‘a’ and angular velocity «' are consant. So, the 
displacement, velocity and acceleration of the particle entirely depends 
on angle 0. The phase of the oscillating particle is measured by 
6-of. B 
The phase of the particle in SHM is determined by the angle 
which the position of the reference particle subtends at the centre of 
the reference circle. In the fig, when the moving point is at M, the 
reference particle is at P [Fig. 1.16]. By definition, phase of the point 
M is ZAOP - 0. E Fig. 1.16 
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2n t y q 5 
Again, © ES So, phase can also be measured by the quantity T The time ¢ is counted when 


the particle in SHM crosses a fixed point of its path. / expressed as a fraction of time period T is the 
measure of phase of the particle. ' 


In fig. 1.17, the point M is oscillating about the mean position O 


X 
Q along the Y-axis. The amplitude of oscillation is ‘a’. To determine the 
phase of the particle at any time, we draw a reference circle of radius 
‘a’ with centre at O. When the oscillating point is at O, the reference 
YEN Q 
0 


particle is at Q,. When the point comes to M, the reference point 
reaches at Q. The phase of the point M at this instant is QOQ - 0. 
In fig. 1.18, the phase of the point M at different times is shown. 
v In fig. 1.18(a), the position of the point is y = a/2. Its velocity is 
Fig. 1.17 directed upwards and its phase is 0,30? and phase is ZQOQ, = 30°. 
In fig. 1.18(b), the point is ai the extreme position and phase 0, = 90°. 
In fig. 1.18(c), the point is against y = a/2. But the velocity is in the downward direction. 
Now, the phase angle 2Q,0Q, = 9;. 


In fig. 1.18(d), the particle is at O having direction. of velocity downward. The phase angle is now 
0, = 180°. 


M Q, Q, 
M ca Ce 
EU UE RE 
(a) (b) (c) 


(d) 
Fig. 1.18 


Itis to be noted that state of motion cannot be correctly determined by knowing the displacement 
only. For example, displacement in fig. 1.18(a) and (c) is y — a/2. But in the first case, the point is moving 


up and in the second case the point is moving down. But if the phase angle is known, the state of motion 
is correctly assertained. For example, 


Value of phase angle in fig. (a), 8,- sin"! OM, sh) 30° 
0Q 2 


and value of phase angle is fig. (c) 0, = sa (B voco" (2)- 150° 
M OQ; 2 


* Initial phase : Phase of the oscillating particle at ¢ = 0 is called initial phase. From equatiore (1.9), 
initial phase = a. 


— — 
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e Phase difference : The relation between two oscillating particles can be obtained from the idea 
of their phases. Let the phases of two particle be 6, and 9,. Then the phase difference between the two 
particles is $ = 0, — 0,. If the phase difference of two particles having equal frequency of oscillation be 
zero then, the two particles will cross the mean position simultaneously from the same direction. In this 
case the particles are in phase. On the other hand, if the particles cross the mean position simultaneously 
from opposite direction, the particles are in opposite phase. The phase difference between the particles 
is now 180? or 7. . 

1.12. Differential equation of SHM and its solution : 

For a particle oscillating simple harmonically, the force (F) acting on it is proportional to displacement 
(x) and always directed towards the mean position. 


^ Fa-x or, F=—Ke [K = Constant of proportionality] 
-K 2 K 


r F 2 
^. acceleration, f *—5—x2-0'x |0 == 
m m m 


CEIP s es (i) 


dt” 
It is the differential equation of simple harmonic motion. 
The general solution of this equation is 
x = B sin wf + C cos of (B and C are constants] 
To write it in an alternative form we put B = A cos $ and C = A sin > 


where A = VB? «C? and tan > -£ 


“x = Acos ġ.sinot +A.sin à cosor = A sin (of + $) 


oe d: 
© To put it in another form we assume $=> +9 


Then, x=A sin( +245) A cos (wt + ò) 


è EXAMPLES * 


Example 1.3. : The equation of motion of a particle in SHM is y = 3 sin 60 xt. Calculate amplitude, 


time period and acceleration at maximum displacement. 
Solution : Amplitude of motion, a — 3 cm 
= IR E 1 
time period, T= pur 30087 
Acceleration at maximum displacement, f = -o?a 


^f = -(60z)! x 3--1066x10* em s? 
otion along a straight line. When the 


Ex. 1.4. : A particle is executing simple harmonic m j ! 
Show that its time period of oscillation 


particle is at distances of /, and /,, its velocities are v, and v,. 


-i : |J.E.E. 2001] 
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Solution : We know, velocity of the particle, y = a Jo? =x? 


j [ r Daun asl 

by question, v, =@ ai? or, vj =@ (a -4) 
2 2 2 
and v 204! - or, v} =0° (a* -H) 


2 
2 v-v 2o -4)5o- 


` 2 p 

7. Time period, T= 2 2n i h 
o y) -Vi 

Ex. 1.5. : Show that for a particle in SHM, when the displacement from the mean position is 


—- times the amplitude of motion, velocity of the particle is half of the maximum velocity. 


Solution : We know, velocity of a particle in SHM, veova? -x° 


where a = amplitude and x = displacement from mean position. 
= wa 


maximum velocity v... 
2 
LAMPAU 1 x 3 X: 45 
Saa Herne xmo——-a ve—— 
Vmax 2 uq: 42 


D 1 EL AE v=, 
n H2 2070 
Ex. 1.6. : The maximum acceleration of a particle in SHM is 50 m/s? and time period of 


max 


oscillation 628 sec. Calculate : 
(i) Amplitude (ii) velocity when displacement is 4 m and (iii) acceleration when the velocity 


is 4 m/s. 
Solution : (i) We know magnitude of maximum acceleration in SHM, jussa. 


2 2 
M 1 rad /s 


Here, © = 
i 6-28 
‘ amplitude, a = p = M -5.0m 
qu 


(ii) velocity at a displacement x is, v = ova? — x? 


ovelx NON -(ay [ "M -4m] 


v= 43 m/s? 


Gi) v=@ya?—x? on4-1xq() -x? +. 443m 


=-w°x=4(1) x3 =43 m/s, 


-. required acceleration, f 
Ex. 1.7. : When a particle executing SHM crosses the mean position of its motion, its velocity 


is 16 ms~!, What will be its velocity when it is at a distance half of its maximum displacement. 


Solution : We know, v, = Wa = (i) 
a d > (ay 45 
when X= —, the velocity is, v - o4a* — nsa 


2 


SIMPLE HARMONIC MOTION 721 
Sym re$- 1-39 m/s 


-. the required velocity is 1:39 ms! 


Ex. 1.8. : The equation of a particle in SHM is x = 0-25 cos( 6280 iE) mm. Calculate : 
(i) Amplitude (ii) Angular velocity (iii) frequency (iv) time period and (v) initial phase. 
Solution : The general equation of SHM is x =a cos(ot +a) 

Comparing it with the given equation we get, 

(i) amplitude, a —025 mm (ii) Angular velocity = 6280 rad/s 

€ _ 6280 
2n 2x3.14 


(iii) frequency, ” = = 1000 Hz 


1 l 
iv) Ti iod, T=— = —— - 0-001 
(iv) Time period, "^ 1000 sec 


(v) initial phase zu rad 


Ex. 1.9. : For a particle in SHM time period is 12 sec and amplitude 10 cm. When the particle 
is at a distance of 2 cm from the mean position what will be its acceleration ? Calculate maximum 
velocity of the particle. When the particle is at a distance of 2 cm from the mean position, calculate 
the force acting on it. Take, mass of the particle is 2g. 


Solution : Acceleration at a displacement of x = 2 cm is 
2 2 
f --a^- {2} x (e) x22 0-547 cm/s? 
i 12 


d ` 2n 2x3.14 
maximum velocity, Vmax = %4 = T’ = a 


x10- 5.23 ems! 


-. Force acting on the particle F = mf 

<. F = 2 x 0547 = 1094 dyne. 

1.13. Energy of a particle in SHM : 

A restoring force acts on a particle executing SHM. So, some work is done on the particle for its 
displacement from the mean position. As a result, the particle possesses some potential energy. Also it 
has some kinetic energy due to its motion. So a particle in SHM has two types of energy : (i) Potential 
energy and (ii) Kinetic energy. If no dissipative force acts on the particle, its total mechanical energy is 
conserved during its motion. 

(i) Potential energy : At the mean position no force acts on the particle and the restoring force 
acting on the particle for its displacement x from the mean position is F = mo?x. 


: f O0rE-1^2 
So, the average force over the displacement x is, Fy = 2 us mm x 


1252 
Hence the work done on it, W = E,-x -—mo'x 


This work done is stored in the particle as potential energy (E,) 


Phy (D—46 
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Alternative method (by calculus) : 
Effective force on the particle for the displacement x is F = mw2x 


Work done for a small displacement dx against the restoring force is dw=F-dx = mo?x dx 
Then the total workdone for the displacement x from the mean position i.e. the potential energy is 
Ep = Imo?x dk = imo’? 
0 
(ii) Kinetic energy : The velocity of the particle in SHM for the displacement x is, 
v xoa -x? [a= amplitude of oscillation] 


1 l T. 
<- Kinetic energy of the particle is Ey = sim? 2zmo! (a? -x?) pera) e... Gi) 


E=Ep+Ex = Smo ?a? [adding (i) and (ii)].......... (1.6) 


Hence the total energy of the particle is constant and does not depend on displacement of the 
particle. It means that total mechanical energy is constant in SHM. 


Graphical representation : The variation of kinetic energy and potential energy of a particle in 
SHM with displacement from the mean position is shown in fig. 1.19. Potential energy is maximum when 
it is at the maximum displaced position. The particle has maximum kinetic energy when it crosses the 


mean position. 
v a : 
s^ 


v4 NO VAN 


JU MUR 
Fig. 1.20 


In fig. 1.20, the variation of displacement.y, velocity v, potential energy E, and kinetic energy Ek 
with time are shown. It is evident from the figures that time period of variation of potential energy and 


kinetic energy is T' — T/2. Hence E, and E, vary with time with double the frequency. 
Example 1.10. : When position of a particle in SHM is 2 cm from the mean position, its kinetic 


energy is double the potential energy. At what distance from the mean position potential energy be 
double the kinetic energy ? |J.E.E. 1993] 


~ 
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Solution : In the case of simple harmonic motion, the kinetic energy at a distance x from the mean 


1 4 
position is Ex:= smo (à -x) and potential energy, Ep idee 
By question, when x = 2 cm, E, = 2 E, T 
5j mo? (a! -x’) =2 fewest or, a? = 3x? 
2 Í 2 
sa =3(2) =12 nas 243 cm 
Let in the second case, for the displacement of x, cm Ep = 2E, 
Sad EE Talay pet i2 D Sy 
Gt xi DEAE (a -x) 
“3x? =2a? ~. xı 2242 cm = 2828 cm 
-. The required displaced from the mean position = 2:828 cm 


1 
Ex. 1.11. : Potential energy of a particle of mass m is Vn where o is a constant. Show 
that the motion of the particle is simple harmonic. 


Solution : Here potential energy, U =m M 


dU 
If F be the force acting on the particle then F = PER 
“Fe - nens!) - -mo?!x 
dxA2 


~ acceleration of the particle, f ——o^x ~. f a-x [ 0 is a constant] 
Hence the motion is simple harmonic. 


Ex.1.12. : The time period of a particle oscillating simple harmonically is x sec and total energy 
6400 erg. If the displacement of the particle 7/8 sec after it cross the mean position be 242 em, 
calculate mass of the particle and amplitude of oscillation. 


1 
Solution : In this case : gna = 6400 


and mouit rad/s 
FOE 


Let the equation of motion be x = a sin (at) 


ENZ = asin(2x2) =a sin ^ a-74cm. 


From equation (i) 5mx(2) x (4)? = 6400 = m = 200 

<. Mass of the particle is 200 g and amplitude of oscillation is 4 em. 
1.14. A few examples of simple harmonic motions : 
(1) Motion of a simple pendulum : 


A simple pendulum of length / is oscillating in a vertical plane with angular amplitude less than 4°. 
O is the mean position. At any instant during its motion; the bob of the pendulum is at A when its linear 
displacement is x and angular displacement is 6. 


Different forces acting on the particle at A are shown. Weight of the bob mg acts vertically downwards. 
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Its one component mg cos ® is balanced by tension of the string F^ The other component mg sin 0 
acts towards the mean position. So it is the restoring force F. 


S F=—mg sin @=~—mg 0 [~ © small] 
` “mf = mg ~<. acceleration, f Sea, 


XF fa-xas 3 is a constant. 
Hence the motion of the pendulum is simple harmonic. Its time 


l « 
BE period of oscillation is 

M doo nu 
T 22 ——————— n | — 
mg sin 6 mg mg cos 0 s acceleration at unit displacement f/x 

I l Li 

Fig. 1.21 =2n E ENTE T-a ft 

j g/l E g 


* Tension on the string when the bob is at mean position : When the pendulum is oscillating, 


its bob describes a circular motion in à vertical plane. So, a centrifugal force (Fc) acts on the bob. When 
the bob comes to the mean position, tension in the string is 


De 


2 
P'emg Fe = mg+ 7 Fiala Ake Ie NG ARR AT Gr SD ü) 
We apply principle of conservation of energy at A and O. [Fig. 1.22] 
At A, kinetic energy is zero and potential energy = mgh um 
s 
l nv 
At O, kinetic energy is 7” and potential energy is zero io TX 
Der 
<. mgh = Em? or, v? =2gh : Nx 
i M. 
I 
or, v? - 2g(/— /cos 0) = 2gl(1— cos 8) OOR ND c 
120 ey 0 ə 
=2g/x2-sin? = =49/.[ 2 ** sin— = — [9] 
E 2 8 (3) [ 7272 
= gl-9? Fig. 1.22 


Hence from equation (i), F' = m+ gl 9 = mg (1 + 6) 

(2) Vertical oscillation of a body attached to a spring : 

A spring of force constant K is fixed at one end and a load mg is attached at the lower end. Suppose 
the length of the spring is stretched by a length /. The tension on the spring is F} = K/. This force acts 
on the mass in the upward direction. The other force on the block is mg due to gravity. For equilibrium 

F; = K/ = LE ERI, vc ee EOS TN T RID (i) 
Now the mass is pulled further by a distance x. So the total exten 
unstretched position is (/ + x). The elastic force acting on the mass is 
F'-K(/* x) 
Total instantaneous force on the block F is given by 
mg-rF'- 


Sion of the spring from its 
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mp p-KtscE MR MM eee (ii) 
s F=-Kx{ omg = KI from (i)] 
-. The instantaneous acceleration of the block is 


r ; | É| 
a-2—2——xz-0'x|e-£4— 
m m m 


Hence the motion of the spring is simple harmonic. 


(a) l 
;, The time period of oscillation, T =2n Bate. 
Yos x 
m (b) 
sTz27— 
E Mets (1.6) 
(c) 
Now, K= a NX Fig. 123 
g 


(3) Oscillation of a mass attached to a horizontal spring : 
Suppose one end of a spring is fixed to a rigid 
(a) F=0 vertical support and the other end is attached to a 
7 block of mass m which is placed on a smooth 
a—F = -Ke t horizontal plane. When the spring is in its unstretched 


(b) CEMATLDDEPITIT Rs LN length no force due to spring acts on the. block. So 
F = 0 [Fig. 1.24(a)]. So the block remains at rest. 
! Now the body is pulled towards right along the 


(c) 4 horizontal surface. The spring is stretched and it exerts 
: a force F on the block towards right. [Fig. 1.24(b)]. 


ise _ But if the block is pushed towards left, the spring 
i is compressed and the spring exerts a force F towards 
Fig. 1.24 right on the block (Fig. 1.24(c)]. 
If the force constant of the spring be F and the block is displaced by x then the restoring force is 


F = -Kx 
‘ HEU 2. |o? abs 
+. acceletation: Of thie blocs ieee a S E -ox X7» 
m m 
Hence the horizontal motion of the block is simple harmonic. Its time period of oscillation is 


T=2n Lem: 
fix K 


So, the periods of vertical and horizontal oscillation of the spring are equal. 


(4) Oscillation of a liquid in a U-tube : 

A U-tube of uniform bore with the two arms vertical is partly filled with a 
liquid upto the level AB indicated by dotted line in fig (1.25]. Mass of liquid in 
the tube is m = LAp where L = total length of the liquid column, p is the density 
of the liquid and A is the area of cross section of the tube. Now, the liquid in 
the right arm is depressed by a small distance x. The liquid in the left arm will 
rise by the same height x as the area of cross section of the tube is uniform and 


Fig. 1.25 
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the liquid is incompressible. Hence the difference in height of liquid in the two arms of the tube 
is 2x. 

^. total unbalanced force acting on the whole of the liquid is F' = weight of the liquid column of 
height 2x 

eF'ux2xApg 

When the liquid on the right arm is released, this unbalanced force tends to restore the liquid level 
in both the arms at the same position. The liquid levels is found to execute oscillatory motion. 

So, the restoring force, F = 2x Ap g 


F 
^. the acceleration of the liquid column, f= "s 


2xApg (4) à 
pcm ome d ak i= x 
f LAp L f 


Hence the vertical oscillation of the liquid column is simple harmonic. The time period of 
oscillation is 


[i m 
INAT eS Mam, per) ot 
T=m fix n dg e n nn (1.8) 


(5) Oscillation of a gas enclosed in a cylinder fitted with pistons : 


Some gas is enclosed in a cylinder fitted with a moveable piston [Fig. 1.26]. C is the initial position 
of the piston. At this instant, pressure of the gas in the cylinder is P and volume is V. Also the length 
of the gas column is L. 


The piston is pushed slowly downwards and the gas is compressed. On 
reaching the position D, the piston is released. Immediately the compressed 
f i gas will expand and the piston will oscillate up and down. 
x 


At the position D of the piston, total pressure on the gas is (P + p) and 
L volume reduces to (V — v). Since the change is isothermal, by applying 
| Boyle’s law we get 


PV = (P + p) (V - v) = PV + pV - Py - py 
Fig. 1.26 The product pv is small and is neglected. 
P 
spy =Pv = p=|— 
p P (S) 


If the area of the piston be A and its vertical displacement be x then, v = Ax. 


C 
D 


The additional pressure exerts an extra force on the piston tending to bring the piston to its initial 
position. So the restoring force on the piston is 


: F -på 
<. Its acceleration, f =—=——-x [m = mass of the piston] 
m mL 


À 
“af a-x as PA. is constant. 
mL 
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<. The motion of the piston is simple harmonic. 


1 mL 
Its time period of oscillation, T22x,|—— =2n,J——........... è 
> | fix ! PA d 


(6) Vertical oscillation of a floating body : 

Let a cylindrical wooden block of uniform area of cross-section A is floating upright in a liquid of 
density p [Fig. 1.27]. Let L length of the cylinder is under water. so the mass of the cylinder, (m) = mass 
of liquid displaced = LAp. 

Now, the cylinder is depressed vertically by a small distance x. 
Additional upthrust or buoyancy F, = Axpg will act on the cylinder 
tending to bring it to its initial position. When the cylinder is released 
this force acts as restoring force. 


z. Restoring force, F = — Axpg 
<. Acceleration of the cylinder, f WADE E. AUR 


LAp L 
Hence the motion of the cylinder is simple harmonic 


Its time period of oscillation is T = 27 Ebor =2n, É Fig. 1.27 
fix g 


* EXAMPLES * 


Example 1.13. : A metal sphere of mass 50 g is suspended by a string of length 150 cm. The sphere 
is displaced by 5 cm and the released. What is the maximum tension of the string ? 

Solution : The tension in the string is maximum when it passes the mean position. So the maximum 
tension is T ="mg (1 + 82) 


x? mg = 50 x 980 dyne 
Here SU A remi x= 5 cm 
L = 150 cm 


a T= sox 980x(14- =) 
150x150 


= 490544 dyne. 
Ex. 1.14. : A mass attached to a spring oscillates in 2s. If the mass is increased by 2kg, the 
period increases by 1 sec. Find the initial mass if Hooke's law holds. [LLT.] 


Solution : Let the initial mass be m. If the acceleration be f then 
mf = — Kx [K = force constant] 


Sf anas 
m 


-. Time period T=2m/7 
m+m deed m+2 

in ee 1 or, t=== 
HERD QUI m Kar, «S m 
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Ex. 1.15. : A loaded glass tube is floating vertically in a liquid of specific gravity 125 with a 
length 20 cm immersed in the liquid. It is slightly depressed and then released. What will be its time 


period of oscillation ? g = 9:8 m/s*. 
Solution : Mass of the loaded glass tube, m — mass of liquid displaced 
“m= LAp=20xAx1-25=25A [A = area of cross-section of the tube] 
It is depressed by x. Then the restoring force is 
F = — Buoyacy due to additional length immersed 
=-xApg=-xAgx1-25=-1-25Agx 


-l: 1-25g. 
-. acceleration, fF = EAE = E, = a9 


m 25A 
1 i 28 
~. Time period, T = 2% FIE =2n 49 aU 0:89 sec 


Ex. 1.16. : When a man of 60 kg enters into a car, the centre of gravity of the car depresses 
by 03 cm. If the mass of the car be 1000 kg, calculate its frequency of oscillation when the car is 
empty. |J.E.E. 1978] 


F 60x9.8 


Solution : Force constant of the spring of the car, K m - Rum 196x 105 N/m 


<. frequency of oscillation of the car when it is empty is »— x [m = mass of the car] 
nYm 


5 
zo Hl963M ns 5 ye foc 
2nV 1000 


Ex. 1.17. : A pendulum of length 60 cm is attached to an aeroplane. The plane starts rising 
making an angle of 30° with the horizontal with an acceleration of a = 40 ms~, Calculate the time 
period of the pendulum. g = 9:8 ms~. |J.E.E. 1990| 


Solution : The aeroplane is moving upwards with an acceleration a = 4 m/s? making angle of 30° 
with the horizontal [Fig. 1.28]. 


The horizontal component of acceleration, 
a, =a cos 30°= 4 cos 30? - 3-464 m/s? 
and total vertical component of acceleration, 
a, = gta sin 30°=9-8+4x0-5=11-8m/s? 
Resultant acceleration of the plane 


f = (11-8)? + (3-464)? =12-3m/s? 
^ Time period of the pendulum attached to the plane is 


f 60x10? 
T=2n_/— -2n4|—— —— [ -- /=0- 
) . Fig. 128 T if g; 12.3 [ po 60m] 


= 139 sec 


Ex. 1.18. : A block of mass m is suspended by a uniform wire of length / and area of cross 
section a. If Y be the Young’s modulus of the material of the wire, calculate the frequency of 
vertical oscillation of the wire. u |J.E.E. 1990] 
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Solution : The block is suspended from the lower end of the wire of length /. It is depressed by a 


distance x and then released. The restoring force is F = 2X 
; F YA 
. acceleration of the block is f =—=-| 77 J* 
m Lm 
„fax s XA is constant : 
d ' Lm L 


So, the vertical motion of the block is simple harmonic. 


^ i 1 mL mg 

<. Time period, T22x,|—— =2n x 
" WIE YA 4 

YA 


Fig. 1.29 
mL 
Ex. 1.19. : The bob of a simple pendulum is made of brass and its time period is T. If the bob 
is now fully immersed in a liquid, what will be its new time period ? Density of liquid is 1/8 part 


of the density of brass. 


-. frequency of oscillation, n => ERA 
1 T 


Solution : If | be the length of the simple pendulum its time period is T - 2n ta 
Now, the pendulum is immersed in a liquid Fig. 1.30] 
Its apparent weight is W’ = mg — F, [F, = Buoyance] 


A m 
nLW'- PES SHE [p, = density of liquid and p, = density of 
the bob.] 


:. effective acceleration due to gravity, g‘ — prabe 


E 


mg 


Fig. 1.30 
.. Now time period of oscillation, T' = 27 L5 =2n Pb - $4 
g 7g 7 


ST Er 
7 
Ex. 1.20. : Two springs of force constants 


fig. 1.31. Calculate the time period of oscillation of mass m in a horizontal plane. 


K, and K, are connected to a mass m as shown in 


Solution : Let the mass is displaced by a small distance x towards right. The spring K, will be 
compressed by x and K, will be elongated by equal amount. 
The restoring force on K,, F, = — K, x (towards left) 
and the restoring force on K,, F, = -Kx (towards left) 

-. total restoring force = —K,x + Kx) = —(K, + K,) 
=. The force constant of the combined spring = K, + K, 


<. Time period of mass m is T= 27 x "s Fig. 1.31 
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1.15. Compositions of two collinear SHMs : 

Let two simple harmonic motions are executed along X-axis. Their frequency is n and time period 
is T. We have to determine the resultant of these two motions superposed in the following two cases : 

(i) When the two motions have same frequency and phase : 

When two simple harmonic motions having equal frequency and phase acts on a particle, its motion 
depends on the resultant of the two SHMs. 


Let the equations of the two SHMs be given by 
x, =a sin ot and x; =b sin wt 

The displacement curves of the two motions are 
shown in fig. 1.32. The dotted curves represent the 
first and the second component respectively. The 
resultant curve is obtained by just adding the ordinates 
at each point of the two components. At any instant 
the resultant is given by 


Fig. 1.32 xzX +x, =(at+b)sin ot 


The resultant motion is also S.H.M. having amplitude equal to sum of the amplitudes of the Superposing 
motions. It has same period and phase as those of the components. 
(ii) When the two SHMs have equal frequency but opposite phase : 


In this case the superposing SHMs have same frequency they are in opposite phase. Let the two 
motions are represented by x 


X =a sin wf and x, =b sin(or +m) = —b sin of Lr oor 
Here also we show the displacement curves of a-b Sein 
the two components by dotted curves. The resultant D 
is obtained by algebraic addition of the ordinates of 
the components at each point. The resultant -b 
displacement at any instant is 


X= x, +x, =(a—b).sin ot Fig. 1.33 
Evidently, the resultant motion of the particle is also SHM having same period as the components. 
The resultant motion is in phase as the component motion having greater amplitude. 


* Special Discussions ; Compositions of two SHMs have same period, but different amplitude 
and phase. 


Let the two equations of the simple harmonic motions be 
xı =a sin of and x, = b.sin(or +5) [8 = phase difference] 
When these two motions fall on the particle the resultant displacement is 
xı =a sin ot and x; + b.sin(wr +8) (o = phase difference] 
7 (ab cos 8) sinar+b sin 8 . cos or 
Let a+b cosà =A . cos, and b. sin 8 A . sin 0 
then, x= A.cos@.sin of A.sin 0.cos at = A sin(or +8) 


where A? =(a+bcos ay +(b sinô)? =a? «b? +2ab cosó and tan 0 .lbsi8 _ 
Y -a+b cos 
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eè Special case : (i) 8 =0 or 2nn (n = a whole number) 
then sin8— 0; cos5=1 
a? (a? eb? +2ab) or, A=(a+b)and 8 = 0°. 

<. Resultant displacement x = (a * b)sinot 


(ii) When à 27 or 2n(n+1) then sin ô = 0, cos ô = -1 
k; x = (a —b) sin œt, and 0=0°. 


e EXAMPLES * 


: A frictionless tunnel is drawn along one chord of the earth. A small body is 
ple harmonic motion due to earth's 


>. Then the resultant displacement 


Example 1.21. 
dropped into the tunnel. Show that the body will execute sim 


gravity. Calculate the time period of oscillation. 
Solution : \n fig. 1.34 AB is the frictionless tunne 

is at O. Let at any instant the mass m is at P. At this position, only the inn 

of radius OP exert force on the mass. Then the force of gravity on the mass towards the centi 


1 dug along one chord of the earth whose centre 
er spherical part of the earth 
re of the 


earth is 
4 3 
M’ - C Gn(OP) -pm X 
m 3 : 
F=-G— > =———~7 —— [p = density of the earth] S 
(OP) (OP) i 
A ZA 
eu" Gpm(OP) 
Component of this force towards the centre of the tunnel C is 
B 
Ey = - 35 n Gpm(OP)cos ZOPC ; 
3 Fig. 1.34 


i - Sr Gpm(PC) [ ^: PC =OP cos ZOPC] 


4 
- za Oe [PC =x] 
. Acceleration of m towards the centre of the tunnel is 
17i) LnLfa-x 


Hence the motion is simple harmonic. 


1 3 
i iod, T =2n,/—— = 2 
Its time period, | fix | aP 
3 -8 
3. T=2rn]-— a G - 6-67 x 1075 cgs, p - 5-54 g/ c.c. 
Vazx 6.67105 x 5-54 | gs oe 5SgIcc] 


= 504938 sec = 1:40 hr. 
Ex. 1.22. : When a spring is pulled by a force of 5x105 dyne, its length increases by 10 cm. 
What mass be attached at the lower end of the spring so that when it is pulled a little and then 
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released, it completes two oscillations in a second. If the amplitude of oscillation be 1 cm, calculate 
mass attached and maximum velocity of oscillation. [J.E.E. 1979] 


5x 10° 
10 


F 
Solution : Force constant of the spring, K = = = =5x10* dyne/cm 


Let m be the mass to be attached then time period is rea" ;'"Here T: 055: sec 


m (0-5? xsxi0* —. 
0-5=2n qo m7 = $1661 gin 
5x10 4n 
". mass to be attached = 31661 gm. 
2n 
2nd Part : Maximum velocity, v = aw bus 


ym NEN cms [a= 1 cm] 
0-5 
"^. maximum velocity, v = 12:54 ems"! 


Ex. 1.23. : The potential energy a particle in SHM at the lowest position is 5J and its total 


energy is 9J. If the amplitude of oscillation is 1m and the mass of the particle be 2 kg, calculate 
the time period of oscillation. 


Solution : Potential energy of the particle at the lowest point is 5J 
l 
So, its kinetic energy at the lowest position —mv? =9-5=4J 
Tero 3 PENE 
“maw =4 r, 0 =— 
2 2 ma? 
Here a = Im, m = 2kg then œ? = 4 -. 9 = 2 rad/s 


Ex. 1.24. : A particle in SHM starts its motion from one extreme point. If T be the time period, 


à ms i 
calculate the ratio of kinetic energy and potential energy of the particle at the instant when / = Pr 


Solution’: Let the equation of motion of the particle is x = a cos œt. 


ex 2r Teal 
Hence after (— —— sec, displacement x, =a cost. = +> 
12 DEO TEE Ys 203 
TE DS 1 l 
Kinetic energy at this instant, Ey = 7m =5mo? (a? -xf 
3 : f 


“ Ex =yma(a? -fat )= {ma?o 


1 1 3 3 
and potential energy, Ep — gs o'x = z" ore =gmora® 


. : In the example 1.24 if the Particle starts its motion from its mean position what will 


be the ratio of kinetic energy and potential energy at 5. 
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Solution : Let the equation of motion of the particle be x = a. sin of 
2a T a 


T 
Then the displacement when / 7 jsxy ass 
12 AT 


- ag 1 2 
Kinetic energy at this instant, Ex= ge [e -x) 
Ex Ld a? uA zog! 
du 8 


2 
and potential energy, Ep- -i mo?x} = jm? = = =m a 
Ep 1 Ep =3:1 
Ex. 1.26. : One end of a wire of length L is attached at the ceiling of a room and a spring of 
force constant K is attached at the lower end. A block of mass m is also attached at the free end 
of the spring. The area of cross section of the wire is A and Young's modulus Y. The block is 
slightly depressed and then released what will be its time period of oscillation ? |I. I.T. 1995] 


Solution : Assume that when the block of mass m is attached at the 
lower end of the spring, the wire is extended by x, and the spring by x,. Then 


mgL mg 
* = APER L 
YA K 
H : mgL mg KL+YA 
<. Total increas length x= nta y tV cU 
al increase in length x ^Xi t2 7 VA K e| YAK 2 
mg YAK 


Er c 


i p Cerea E tu 
;. Effective force constant of the combination is Kı =- KL YA 


y m * [m(KL+YA) m 
E x ns ex T-22 n E 
>, Time period of oscillation of the block is n K, D: SAKT A TAE 


80 gm Ex. 1.27. : Two dises of mass 80 g and 120 g are attached to the two ends of 
a light spring |Fig. 1.36]. The force constant of the spring is 10° dyne/cm. Calculate 
the frequency of spring-mass system when (i) the system lies on the table (ii) when 
the table is removed and the system falls freely. 

Solution : (i) When the spring is on the table with the mass 120 g at the lower end, 


the spring oscillated with the mass 80g. Hence the frequency of oscillation is 
120. gm / é 1 ; 
x picis KL [A-1708 Hz 
Fig. 1.36 2n Vm 2x V 80 


it is weightless. It will not oscillate. 


(ii) When the system falls. freely 
t is set into oscillation with a mass 


Ex. 1.28. : The force constant of a spring of mass m is K. I 


Aa TUA M+m/3 
M attached at its lower end. Show that its time period is T= 2n d ; 


per unit length =F [Fig. 1.37] 


Solution : Let the length of the spring be /. Its mass 
We consider a small length dz of the spring at a distance z fro! 


dz is dz 
1 


m the upper end. So, the mass of length 
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When the mass M is pulled down a little and then released, it will oscillate along the vertical line, 

2 
dx Miei lo Pyu(dx 
i =— and its kinetic ene: =2Mv =-M| 

Let at any instant, v a TEy Ex >My 24) 
z(dx 

Now, the velocity of dz of the spring at this instant = = :(&) 


SEEN , l/m zay 
and kinetic energy of this part 97 TË = 


So, the kinetic energy of the whole spring 


Also, potential energy of the spring = Ike 


Now, the total energy of the system is constant. z 
2 2 
] (dx 1 (dx Ies dz 
“=M}|—] +—m| —] +—Kx? = 
2 (&) in( 2 constant 


Differentiating with respect to time. 


2 
av (4 4x tke ig 
D 3 dt )\ dt? dt 


M 
2 2 2j Fig. 1.37 
(M 2)-2« . ELA E x-2-o?x S 
dt 3 di^ L 
3 
M+ a 
Hence the motion of the spring is simple harmonic. Its time period is T -2z E 2 
N Ex. 1.29. : A small sphere is placed on a concave glass surface 
aN and then disturbed slightly from the equilibrium position. Show 
y N that it executes simple harmonic motion. Calculate the time period. 
Li | J.E.E. 2003] 
ee m _ Solution : Consider the fig. 1.38. Initially the small sphere of 
Sa ALLE IK B mass m is at thé lowest point A of the concave spherical surface. It is 
Amg slightly displaced from A to B by a small distance x. The different 
mg mg mg forces acting on the sphere at B are shown. the component of the 
sin 6 


cos 0 weight mg cos 0 is balanced by normal reaction N of the glass surface. 
Fig. 1.38 So the restoring force acting on the sphere is F= -mg sin 0 
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| * acceleration, a 2 —g sind =-g 0 when 9 is small. 
; E 
nae Sex| x=RO 
a-- Eae - n6] 


R is the radius of curvature of the surface. 
-ao-x 


So the motion of the sphere is simple harmonic. 


R 
+. Its time period is T=2 fÈ 


Ex. 1.30. : A mass M is attached at free end of a horizontal spring and made to oscillate simple 
harmonically. When the mass M crosses the equilibrium position another mass m is placed on M. 
Calculate new amplitude of oscillation and frequency. 
Solution : Let initial amplitude of oscillation is ‘a’ and maximum velocity ‘v’. The corresponding 
quantities in the second case are a, and v. 


1 l 1 Lo 
E: z;"" = 5 Ka? and g (Mmi "za [K = force constant of the spring] 


By the principle of conservation of momentum, 


2 2 
Mv =(M+m)v, je Also pa. REDE 
Yi M (Menm)v aj 


En M+m M a; M ar 
y M 
j -ay =a 
M+m 
It is the new amplitude of oscillation and frequency of oscillation is n ES E 
2n \M+m 


3 . Ex. 1.31. : Two identical springs each of force constant K are connected in series and in 
© parallel and equal masses m are suspended from the free ends as shown in fig. 1.39. Show that the 
ratio of the time periods of oscillation of mass m is 2 : 1. |J. E.E. 2003] 


Solution : Case 1 : When the two springs each of force constant K are connected in series, the 


equivalent force constant of the system is K, where 
1 le K 

—=—+— or, K => K K 

Kj. Keke m a 
7. So, the time period of oscillation of the mass m is 

: K 
T=2n. D 22m Eu (i) 3 A 
K, Kohn 
LJ 


Case II : When the two springs are connected in parallel the equivalent 
force constant of the springs is K, = K + K = 2K Fig. 1.39 
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m 
.. The time period of oscillation of m is T' 2 27,|— 


2K 
mim Eum Eu EH wa ees 
i K m 


a T 
Ex. 1.32. : The equation of motion of a particle in SHM in x =a sin( =r + PE] Where 


a = 3cm and 5 = 4cm, calculate the following quantities at ¢ = 2 sec. (i) amplitude, (ii) initin} phase, 
(iii) diplacement, velocity and acceleration. |J... 1995) 


Solution : Here, x- a sinc *b.eosct = Asin 2s +0) 
b 

where A 2 ya^ +b’, tan@=— 
a 

(i) Amplitude of oscillation, 4 = 43? 442 =5 cm 


(ii) Initial phase, 6 = an ($) 


R n 
(iii) Displacement of the particle at £ = 2 sec. is x = 3sin ris 244 ses x22 4.6 cm 
velocity of the particle at ¢ = 2 sec. 


v2 oA? -x? -545 - (4-6)? =1:03 ems! 


2 
and acceleration at this instant, f =-0°x= (2) x4:6- -1-26 ems 


Ex. 1.33. : A particle is performin 


g a simple harmonic motion of a period T about a point 0. [ 
It passes through a point P with velocit 


Y vin the direction OP ; show that the time which is elapsed: 
Tv 


2n.0P' 


Too 
before it returns to P is t= ay i 


$ T F 

Solution : The particle comes from O to A after a time 4 Let after a time 7’, it comes from O to 
l: T 

P. So the particle comes from P to A in time qb 


Total time taken by the particle to move from P to A and back to Pis2 (i- 2 [Fig. 1.40]. 
4 


The motion of the particle is simple harmonic. Hence OP: x =asinwr! [a =0A.0 -2] 
t "7! 
; "&) duis al t 
t= —sin | — | =—sin7'| = 
w aj 2m a 
Py: 
B-—— e BÀ 
$ E] ae: 
4 a a 
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Ace t] 


Ay d vT ) T. d Tv ) 
2—tan |——|2-—tan | ——— 
n 2nx)] 1 21: OP 


Ex. 1.34. : A cylinder is attached to a light horizontal spring so that it can roll without slipping 
along the horizontal surface. The mass of the cylinder is m and the force constant of the spring is 


3 
K. Show that the cylinder executes SHM with period T= nimm s 
Solution : Let the mass is diplaced by a distance x towards right. 


So, the strain energy of the spring — Kr 


and linear kinetic energy of the cylinder — v 
2 \dt 
and rotational kinetic energy of the cylinder = lio? PZ 
where | is the moment of inertia of the cylinder. -Nm 
Since the total energy is constánt, we write 
2 

1:5» I Al Hm * 

—Kx? +=—m| —] --le- tant Fig. 1.41 

2 2 ( di 2 constan 


Differentiating with respect to t 


(&) dx dix , do 
n Kx| — |*m—:—Àr*10—-- 
dt dt dt^ 


2 


(&) detazx dts ab dri 
or, Kx Tm—- t—mr——:——352-20|o 
dt dt d? 2 rd rd? 


duod dx 3m d'y 43 - (3E) 
P Keen ior gp or, re "gn 


So, the motion is simple harmonic. Its time period of oscillation is T = 2x = 

1.16. Angular Oscillation : 

A disc is suspended from its centre of gravity by a long wire. The disc is rotated in the horizontal 
plane by an angle 0 about the suspension wire. Here the angular displacement of the disc is equal to angle 


of twist of the wire. 

As the wire is twisted, it will exert a restoring torque. So the string with the disc will oscillate as 
a torsional pendulum. Now, according to Hooke’s law, restoring torque (z) is proportional to the angle 
of twist 0. 
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m 
~. The time period of oscillation of m is T' - 2r AE 


jo d Li 
Ex. 1.32. : The equation of motion of a particle in SHM in x =a ZH t+ b.cos{ =) t. Where 


a = 3cm and b = 4cm, calculate the following quantities at / = 2 sec. (i) amplitude, (ii) initi»! phase, 
(iii) diplacement, velocity and acceleration. : |J. b... 1995] 


Solution : Here, x =a sin +b.cos tt =A sin( 2040) 


where A =Va’ +b? , tan gee 


a 
(i) Amplitude of oscillation, A = 43? +4? =5 em 


(ii) Initial phase, 6 = ww (5) 


E: Di 
(iii) Displacement of the particle at ¢ = 2 sec. is x = 3sin F” 244 Uu =4-6cm 


velocity of the particle at / = 2 sec. 


v-ovA? - x? ra -(4-6) =1-03 ems 


2 
my 7 i a 
and acceleration at this instant, f = -0°x = (2) x4-6- -1:26 em s? 


Ex. 1.33. : A particle is performing a simple harmonic motion of a period T about a point O. 
It passes through a point P with velocity v in the direction OP ; show that the time which is elapsed 
+ Tv 
2n.OP' 


T 
before it returns to P is ¢=—tan 
T" 


: Edd: 
Solution : The particle comes from O to A after a time 4 Let after a time 7’, it comes from O to 


T 
P. So the particle comes from P to A in time (1-7) 
Total time taken by the particle to move from P to A and back to P is 2 (i-o) [Fig. 1.40]. 


The motion of the particle is simple harmonic. Hence OP : x = asino" 5 OA, 0 = E 


wi del 
S4 2—sin | —]=—sin™ |— 
[n] aj 2n a 


- Fig. 1.40 
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n x 


- Ta (3) MED aca 
D: 2m) m 2n-OP 

Ex. 1.34. : A cylinder is attached to a light horizontal spring so that it can roll without slipping 
along the horizontal surface. The mass of the cylinder is m and the force constant of the spring is 


K. Show that the cylinder executes SHM with period T — noe t 
Solution : Let the mass is diplaced by a distance x towards right. 


So, the strain energy of the spring -ike 


2 
and linear kinetic energy of the cylinder (i) 
lt 


and rotational kinetic energy of the cylinder =H? Pe 
where I is the moment of inertia of the cylinder. onion 
Since the total energy is constant, we write 
2 
1 | (dx I : 
zk +4n( ©) + Flo? = constant Fig. 1.41 
Differentiating with respect to í 
2 
ay (Sen as i dm: =0 
dt dt dt dt 
de) de dix 1,» Ide ld’x ldx do dx 
a dx dX b 2 Sf = =0|o =— — and —=- 
= (gag ab 2" rd rar rd dt rd? 
: ? g 2K 
dx | od 3m dx wx o, PE - (Es 
p ig on od? de am 
3m 


So, the motion is simple harmonic. Its time period of oscillation is T = 27 cra 


1.16. Angular Oscillation : 

A disc is suspended from its centre of gravity by a long wire. The disc is rotated in the horizontal 
plane by an angle 0 about the suspension wire. Here the angular displacement of the disc is equal to angle 
of twist of the wire. 

As the wire is twisted, it will exert a restoring torque. So the string with the disc will oscillate as 
a torsional pendulum. Now, according to Hooke's law, restoring torque (1) is proportional to the angle 
of twist 0. 


Phy (D—47 
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p ^0 
So, 14-0 ..1--C0 [C = torsional constant] | 


2 
8 NE : 
Now, t=la =I P [I = Moment of inertia and o = angular acceleration] 
t 


d?0 d wd 0I «C d?9 


pol 4A—--—0 7 ——a-0 
i 2 2 
dt dt I dt B 
1 A B 
Hence the motion is simple harmonic. Its time period is T — aj A’ 


Fig. 1.42 


* SHORT ANSWER TYPE QUESTIONS (With Answers) e 


Question 1. The equation of displacement of moving particle is y = 3 sino +4 cos wf , show 
that the motion of the particle is simple harmonic. 


Ans. y=3 sin ot +4 cosas = 5 sin (œf 4-0) 


4 3 4 
here, sin 9 2 —, cos 0 == and tan 6 = — 
where, sin = ; n 5 


as 


-. Velocity of the particle, v = a 5 œ .cos(wt +8) 


dv : 
and acceleration of the particle, f = PUE -5 o? sin(or +0) = -o?y 


-. f &.— y. Hence the motion is simple harmonic. 


Q. 2. The potential energy of particle in SHM is U = Uo + bx? » where U, is a constant. 
Calculate force constant. 
Ans. Let the force acting on the particle be F, then 
dU 


d 1 
F= Vm a r-- Zu, ae —bx 


So, the force constant is 5. 


1 
Q. 3. The potential energy of a spring pendulum with a mass m attached to it is V= Qf. 


K = force constant and x is the displacement from the mean position. How the force acting on the 
mass changes with displacement ? |J.E.E. 1992] 


Ans. If the force acting on the mass be F, then 


^ Fa—x. Evidently the motion is simple harmonic. 


Q. 4. The equations of two simple harmonic motions are yi 710 E n+) and 
s 


Jy = 5(sin 3nt + V3 cos 37t). Calculate the ratio of the amplitudes. ILLT. 1986] 
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Ans. y - 10 ss ust) 


and y, = 5(sin 3nt 4 43 cos int ) = Hun 3nt Ees u) 


= i] cox -sin 37t *sin--cos d =10 sin( 30+) 


B] 
<z. Ratio of the amplitudes of the two SHMS is 10 : 10. 


Q. 5. A particle is moving between two point A and B. AB = 10 em |Fig. 1.43]. If the direction 
from A to B is taken is positive, mention the sign of velocity, acceleration and force on the particle 
at the following cases : (i) at the point A, (ii) At the point B, (iii) at O while going towards A. 
(iv) at P while going towards A, (v) at Q while going towards B. 

Ans. (i) At A : Velocity of the particle is zero. 

' Acceleration of the particle and the force acting on 
the particle is directed from A to O i.e. in the positive. 4———2— — $4 p B 


direction. Q M P 
(ii) At B : Velocity of the particle is zero. bris cia = 

Acceleration of the particle and the force acting on — +ve direction 

the particie is directed from B to A i.e. in the negative j Fig. 1.43 

direction: NS 


(iii) At O : As the particle is moving towards A, the velocity of the particle at O is negative. At 
this point, acceleration and force acting on the particle both are zero. 


(iv) At P : At this point velocity, acceleration and force acting on the particle are all directed in the 
negative direction. 

(v) At Q : At this point velocity, acceleration and force acting on the particle are all directed in the 
positive direction. 


Q. 6. The displacement equation of SHM is y =u sin(@f+). What will be the displacement 
a 2n 
when / increases by e 2 


Ans. The displacement at time 4, y - à sin(o +) 


2n 
So, the displacement when time is (= is 


y= esilo( 35) - c sin[(or + 6) +27] =a sin(ot+)=y 


So, the displacement remains unchanged. 
Q. 7. What is the time period of a simple pendulum kept in a freely falling lift ? 


i MER AES N s qu de 
Ans. Time period of a simple pendulum, m E 


In this case mg = 0, hence T=% 
So, the time period of oscillation is infinite i.e. the pendulum will not oscillate. 
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Q. 8. When a mass m is suspended from a spring, its time period of oscillation is T. Now the 
spring is divided into n equal parts and the same mass m is suspended from one part. What will 


be the new time period ? 
Ans. Let the initial force constant is K. When it is divided into n equal parts, force constant of each 


part is K' = nK. 


T= af" and the new time period of each part, 


m T 
nT = 2h 
Kn an 


Q. 9. The frequency of oscillation of a particle in'SHM is o. What will be the frequency of 
variation of (i) Potential energy and (ii) Kinetic energy ? 

Ans. Let the equation of SHM is x = a cos ot [o = 2n] 

(i) The potential energy of the particle is 


Ep =L mo?x? e meo2a?-cos? wt 
2 2 

OO ae: 1+cos 2 wt 

2 2 

Ep = moa? (I+008 2wt) 


-. So the frequency of variation of potential energy is 2w which is double the frequency of the 
SHM. 


1 2 
(ii) The kinetic energy is Ex = ze (a? -x°) 


WEE LX -a° cos? ot) 


1 2 
= zmora°(I - cos? or) - Qno 2q?-sin? ot = imos (i - cos 2or) 
Hence the frequency of variation of kinetic energy is double the frequency of the displacement equation. 


Q. 10. Calculate the percentage change in time period of a simple pendulum in the following 
cases : 


(i) when length of the pendulum is increased by 4% 

(ii) when mass of the pendulum is increased by 30% 
(iii) when amplitude of oscillation is raised by 50% 

(iv) when acceleration due to gravity increased by 0.8% 


Ans. The time-period of a simple pendulum T= nfi e E ER (i) 
8 


1 
slog. g 


l 
(i) Taking log on both sides, log, T = log, Qn) * - log, p 2 


Differentiating, E E i [as g is constant] 


AMIEL by UEM 
A2 
So, the percentage change in time period = 2%, 
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(ii) Time period of a simple pendulum does not depend on the mass of the pendulum bob. So, the 
‘time period will not change due to change of mass. 


(iii) Time period does not depend on amplitude of oscillation. The time period will not change. 


3 phun dT dg 
(iv) From equation (i) it can be shown, "T roce 


V HT awh 9.320.456 
TER 


So, the time period will decrease by 0:4% 


Q. 11. The kinetic energy of a particle moving along X-axis is U = U, — U, cos ax. Calculate 
the time period for small oscillation. 


Ans. Potential energy, U = Uy — U, cos ax 


-dU 3 
. Force acting on the particle, F = ES = Usa sin ax 


^. F = Uga-ax [sin ax = ax for small oscillation] 


- U,a?^x 


2 2 
` Upa U,a? 
* acceleration, f=—S—-x. o° =. 


2 2 
*. Time period, Ta 22m m cermin 
o Upa a \ Uo 


Q. 12. Potential energy of a particle of mass 1 g is expressed by U = 106x? + 10%x“. What is 
the force acting on the particle and frequency of small oscillation ? 


dU 
Ans. Effective force, F = a -2x106x—4x10*x? 


If the amplitude of oscillation is small, F — —2 x 105x 


*. Frequency, ae Kot pe [k= 2x 10°] 
m 


“x= 225 Az 
A. Short Answer type Questions : 


1. What is periodic motion ? Give examples. 


. What is simple harmonic motion ? Write its general equation. 

. All SMSs are periodic, but all periodic motion are not simple harmonic. Explain. 
. What are the characteristics of SHM ? 

. Why displacement and acceleration of a particle in “SHM are in opposite phase ? 


6. A particle is executing a simple harmonic motion with a frequency n. Show that the frequency of oscillation 
of kinetic energy is 2n. ILLT.) 


tU oROU rm 
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7. You are given a light spring, a metre scale and a known mass. How can you obtain the time period of 


oscillation of the mass from the spring without any clock ? ILLT.) 
8. The time period of oscillation of a block of mass m suspended from a spring is T. What will be the time 
period if the spring is divided into two parts and the mass m is attached to it ? [Ans. T/ 4p ] 


9. Show that the equation x = a cos (wt — a) is the mathematical representation of simple harmonic motion. 


10. If a pendulum clock from earth is taken to the moon, its time period increases and the oscillation lasts for 
longer time. Explain. [Tripura H.S. 2001] 


11. What is meant by phase difference of two simple harmonic motions ? [Tripura H.S. 2000] 

12. What is the relation between simple harmonic motion and uniform circular motion ? 

13. Define (i) Time period, (ii) frequency and (iii) phase of a simple harmonic motion. 

14. If the equation of a simple harmonic motion of a particle be x = a sin (ws + 0). What is the velocity and 
acceleration of the particle. If m be the mass of the particle, calculate its maximum kinetic energy. 

15. A simple pendulum kept in a lift. If the lift descends with an acceleration ‘g`, what will be the time period 
of oscillation ? 

16. The force constant of two springs A and B are 25 Nm"! and 50 Nnr' respectively. They are stretched by 
the same force. On which spring more work is done ? 

17. The amplitude of oscillation of a particle in SHM is 4 cm. At what displacement from the mean position, 
its total energy is half kinetic and half potential ? 

18. Two simple harmonic motions have same amplitude and frequency. But their phase difference is 1/2, Draw 
displacement-time graph for these motions. |J.E.E. 2001] 
B. Essay type Questions : 

1. (a) Define time period and phase of a simple harmonic motion. 

(b) Show graphically the resultant motion when two collinear simple harmonic motions of different amplitudes 
and opposite phase superpose. 
(c) Calculate total mechanical energy a simple harmonic motion. 

2. What are the characteristics of simple harmonic motion ? Obtain its mathematical form. 

3. (a) What is the difference between a periodic motion and simple harmonic motion ? What are the characteristics 
of simple harmonic motion ? 

(b) Obtain the time dependent equations for displacement, velocity and acceleration of a particle in SHM. 
Show graphically the variations of these quantities. 
4. (a) Explain amplitude, time period and phase of a SHM. 
(b) Show that for small amplitude, the motion of a simple pendulum is simple harmonic. 


5. (a) The angular amplitude of a simple pendulum of length / is 0. If it is released from the maximum displaced 
position, what will be its velocity at the lowest position. 


(b) A U-tube is partly filled with a liquid. The liquid in one arm is slightly depressed and then released, show 
that it oscillates simple harmonically. Calculate its time period of oscillation. | 1J.E.E. 1991] 
6. Calculate amplitude and phase of the resultant simple harmonic motion obtained due to superposition of the 
following two SMSs : x, =a sin wf and x, = a sin (wt + 8) 
7. Show that the total mechanical energy remains constant for a particle executing simple harmonic motion, 
Represent graphically the variation of kinetic and potential energy with displacement. |J.E.E. 1996] 
8. Show that the projection of a uniform circular motion on any diameter of a circle represent simple harmonic 
motion. |J.E.E. 1981] 
9. Show that if an object hanging from a light spring is depressed slightly and then released, it executes SHM. 
10. Show how a SHM be represented graphically. 


11. A particle P is oscillating between two points A and B. If kinetic energy of-the particle is proportional to 
AP.PB, show that the motion of the particle is simple harmonic. 
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C. Simple Numerical Problems : 


1, The amplitude of oscillation of a particle of mass 0.1 kg is 0.1 m. Its kinetic energy while crossing the mean 
position is 8 x 10? J, Calculate its time period of oscillation. [Ans. 1:57 sec] [H.S. 2004] 
1(a). The amplitude of a simple harmonic motion is 0-1 m and its time period is 2 sec. When the displacement 

of the particle is half of the amplitude, calculate velocity and acceleration of the particle. j 
[Ans. 0:0272 ms’; -60493 ms?] 


2. The equation of motion of a particle executing simple harmonic motion is x = 6 sin a +2) cm. What is 


the time period and maximum speed of the particle ? [Ans. T =.4 sec. ; Vmax = 37 ms] 

3. A particle of mass 10g is executing simple harmonic motion along a straight line. Its time period is 2 sec. 

and amplitude 10 cm. Find the kinetic energy when the particle is at a distance of (i) 2 cm and (ii) 5 cm from the 

equilibrium position. What is the cause of the difference in kinetic enereies in the two cases. 

[Ans. (i) 4737-6 erg. (ii) 3701:25 erg] 

4. A steel strip, clamped at one end, is vibrating at a frequency of 20 Hz and amplitude 5 mm at the frec end. 

where a small mass of 2 g is kept. Find (i) the velocity of the end while passing through the zero position, (ii) the 
acceleration at the maximum displacement, (iii) the maximum kinetic energy and potential energy of the mass. 

[Ans, (i) 0:628 ms:!, (ii) 79 ms? ; (iii) 39x104] ; 3.9x10-4]] 

5. The amplitude of oscillation of a particle in SHM is 0:05 m. At any instant displacement of the particle is 

0.01 m and its acceleration is 1-0 ms~2. Calculate (i) Time period, (ii) Velocity at this moment and (iii) maximum 


velocity. [Ans. (i) 0:628, (ii) 0:49 ms:!, (iii) 0:5 ms-!] 
6. Amplitude and frequency of the simple harmonic motion of a particle are 4 cm and 5 Hz. At f= 0, the particle 
is at equilibrium position x = 0. Obtain the equation of motion. [Ans. x = 4 sin 10x ¢ cm] 


7. The equation of simple harmonic motion of a particle is x = 2 cos (0-5zt + 7/3) of the particle, Calculate: 
(i) amplitude of oscillation (ii) time period (iii) maximum particle velocity (iv) maximum acceleration. 
[Ans. (i) 2 cm, (ii) 4 cm, (iii) 3:14 cm/s, (iv) 4935 cm/s?] 


8. A particle in simple harmonic motion has velocity of 3 cm/s when the displacement is 4 cm. Its velocity is 
4 cm/s when the displacement is 3 cm from the mean position. Find (i) amplitude and time period of oscillation and 
(ii) total energy of the particle, if its mass be 50 g. [Ans. (i) 5 cm, 628 sec. ; (ii) 625x105] 


9. Total energy of a particle in SHM in 3 erg. Maximum force acting on the particle is 1.5 dyne and its time 


period is 2 sec. If the initial phase be 30°, obtain the equation of motion of the particle. [Ans. y = asin x +2) em] 


10. Prove that when the displacement from the mean position is 43 / 2 times the amplitude of motion, velocity 
of the particle is half of the maximum velocity. 


11. At what displacement from the mean position kinetic energy is equal potential energy of a particle in SHM? 
a 
[Ans. SU .a = amplitude] 


12. The equation of displacement of a particle in SHM is y —3 sin 60 xt. Find its (i) amplitude of oscillation, (ii) 
time period and (iii) acceleration at maximum displacement. [Ans. (i) a = 3. (ii) T = 1/30 sec. ; (iii) f= —1080 r?] 


13. A particle is executing SHM over a length of 4 cm. When the particle cross the mean position. its velocity 


is 12 cm/s. Calculate its time period. [Ans. T = 1:047 sec.] 
14. A particle executes SHM of time period 12 sec. and amplitude of 13 cm. What is its velocity when it is 
5 cm from the equilibrium position ? [Ans. 628 cm/s] 


15. A particle of mass 4g is oscillating simple harmonically with amplitude 5 cm. When the displacement from 
the mean position is 3 cm, the acceleration of the particle is 12 cm/s?. When the displacement from the mean position 
is 4 cm, calculate velocity of the particle and effective force acting on the particle. [Ans. 6 cms-!, 64 dyne] 

16. The amplitude of a simple harmonic motion is 5 cm and initial phase 0°. The particle makes 150 oscillation. 
in one minute. Obtain the equation of the SHM. [Ans. x = 5 cos Snt cm] 
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17. A particle executes simple harmonic motion of period 27 sec. Its total energy is 10,240 erg. It takes 7/4 sec 

for the displacement of &/2 cm from the mean position. Calculate mass and amplitude of oscillation. 
[ Ans. 80 gm, 16 cm] 
18. A particle of mass 100 g is oscillating simple harmonically over a path length 20 cm and the frequency of 
oscillation is 10 Hz. When the displacement from the mean position is 5 cm, calculate kinetic energy, potential 
energy and total energy of the particle. [Ans. 1:48 J, 0:49 J and 1:97 J] 


19. When the displacement of a particle in SHM is 2 cm, its kinetic energy is double the potential energy. At 
what displacement potential energy be double the kinetic energy ? [Ans. +7,/2 cm] |J.E.E, 1997] 


: : 3 Ut: ; j " 
20. The equation of motion of a particle of mass 20 g in SHM is x= 1ocas{ £4 +4) cm. Find : (i) Maximum 


force acting on the particle (ii) Total energy of particle. [Ans. 789 dyne ; 3944 erg] 


21. A particle of mass 10g vibrates according to the equation x = tocod(0-2n * z) cm. Calculate the maximum 


force acting on the particle. [Ans. 3948 dyne] [Tripura J.E.E. 2001] 


22. A particle is executing simple harmonic motion. What is the ratio of the Kinetic energy and potential energy 
of the particle when the displacement is x = a/4 where a = amplitude of oscillation. [Ans. 15 : 1] 
23. What is the ratio between the kinetic energy of a simple harmonically oscillating particle and its potential 
energy after a time t = T/12 from the moment thé particle crosses one extreme position. Here T = time period and 
assume initial phase is zero. Ans. 1 : 3] 


24. The maximum acceleration of a particle in SHM is 98-7 cm/s? and its time period is 2 sec. At the moment 
of counting time, the displacement of the particle is 5 cm. Obtain the equation of motion of the particle. 


[Ans. x= LL 2 em] 


25. A wooden block of area of cross seciton 10 cm? is floating on water. Volume of the immersed portion of 
the block is 200 c.c. The block is slightly depressed and then released, calculate its time period of oscillation. 

[Ans. 7/21 Hz] |J.E.E. 1983| 

26. A small coin is placed on a harizontal platform. The platform is oscillating in a vertical plane with a period of 

0:5 sec. For what maximum amplitude of oscillation the coin will not loose contact with the platform. [Ans. 6205 cm] 


27. Two simple hormonic motions of equal amplitude and frequency is applied on a particle. If the resultant 
amplitude be equal to the amplitude of any of the components. calculate the phase difference between the two 
pplied component motions. [Ans. 21/3] 
28. A block of mass 0:5 kg is suspended from one end of a rubber cord of length 40 cm, and radius | mm. If 
the Young's modulus of rubber be 0:3 kg/mm?, calculate the time period of vertical oscillation of the block. 

[Ans. 0:92 sec] 

29. A mass 1-12 kg is suspended from lower end of a spring. If another mass of 400 g is added to the spring 

its length increases further by 3-5 cm. If the 400 g mass is removed what will be the time period of oscillation. 
[Ans. 0:63 sec] 

30. Two masses 1 kg and 4 kg is rigidly attached to the two ends of a spring. The smaller mass is oscillating 
simple harmonically in a vertical plane. If amplitude of oscillation be 16 cm and angular velocity be 25 rad/s. 
calculate maximum and minimum force exerted by the system on the floor. [Ans. 60 N. 40 N] 


31. The mass of a body in SHM is 6 kg and its amplitude is 15 cm. When the displacement from the mean 
position is 12 cm, the restoring force acting in the particle is 50 N. Calculate : (i) period of oscillation, (ii) maximum 
velocity, (iii) acceleration, kinetic energy and potential energy when the displacement is 9 cm. [Ans. (i) 0/754 sec. 
(ii) 125 m/s, (iii) 625 m/s?, 3J, 1-75) x 

32. Two pendulums of lengths 144 m and 1:0 m starts oscillating. After what time the pendulums will be 
(i) in opposite phase and (ii) in same phase ? g = 10 m/s?. [Ans. (i) 6 sec. (ii) 12 sec.] 
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33. When the length of the second pendulum is increased by 296, what is the percentage change in time 


period ? [Ans. 099%] 
34. What mass has to be suspended from the lower end of a spring of force constant 0-16Nm-! so that its time 
period is 5 sec. ? [Ans. 01 kg] 
35. A mass of 100g is suspended from a spring. When it is set into vertical oscillation the time period is 1-1 
sec. Calculate the percentage change in mass so that the time period of oscillation is 1:0 sec. [Ans. 17:36%] 


36. Total energy of a particle in SHM is 600 erg. Maximum force acting on it is 150 dyne. If the time period 
be 4 second and initial phase 60°, obtain the equation of motion of the particle ? Also calculate the mass of the 


particle. [Ans. sese (1) : 761 g] 


37. A horizontal disc is executing a vertical vibration and the amplitude of vibration is 1 cm. At what minimum 
time-period of vibration, a body placed on the disc will always remain in contact with the disc ? [Hint. ?a = g] 
[Ans. 0:2 sec] 


38. A particle is oscillating simple harmonically along X-axis. At time / and 2t position of the particle along X- 
2nt 


axis are at x = A and x = B. Show that the time period of oscillation of the particle is T=——;~——— 
cos" (B/2A) 


[Hints : A = a sin ot, B = a sin 2o] 
39. A particle in SHM starts from mean position. At t, £ + 1 and ( + 2 second the displacements of the particle 


2 
are x, y and z respectively. Show that its time period is T — PARAAN 
Aj ( xtz ) 
cos 


40. A particle of mass 0:2 kg is executing simple harmonic motion along the x-axis with the frequency 25/n Hz. 
When x = 0:04 m, the kinetic energy and potential energy of the particle is 0:5J and 0:4). Calculate amplitude of 
oscillation of the particle. [Ans. 0:06 m] [LLT. 1994] 


41. The equation of displacement of a particle is x= asin (Ee ex £1). Hence a = 3 cm, b = 4 cm. 


Calculate (i) amplitude, initial phase and (ii) displacement, velocity and acceleration after 2 sec. 
[Ans. (i) 5 cm. tan-! 4/3 ; (ii) 4.598 cm, 1:03 cm/s ; -126 em/s?] 
42. A simple pendulum of length / is suspended from the ceiling of a room. Its time period T}. If the length of 
4r^a 
the pendulum is decreased by ‘a’, its time period becomes T». Show that g “Re i 
Taz 


43. A load of mass 0:5 kg hangs from a spring of force constant 10 Nm-!. The mass is pulled down by 0:05 m 
from its equilibrium position and then released. (a) What is the distance between the two extreme positions of the 
mass ? (b) How long does it take to cover this distance ? [Ans. (a) 01 m (b) 07 sec] 


D. Harder Numerical Problems : 
1. A liquid of mass m is poured into a bent tube whose one arm is vertical and the other arm makes angle 0 
with the vertical. Find the time period of oscillation of the liquid when the liquid is slightly depressed in a limb. 


area of cross section of the tube is A and density of the liquid p. [Ans. T2271 m 


2. The difference in length of two simple pendulums is 22 cm. When they are set into oscillation at a place. 
one completes 30 oscillations and the other 36 oscillation during the same time. Calculate the lengths of the two 
pendulums. [Ans. 50 cm, 72 cm] 


3. A block of mass 98 g is suspended from a spring of force constant 0-1 Nm. From below a bullet of mass 
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2g moving with a velocity of 5 ms”! hits the block and remains embedded into it. What is the amplitude of vertical 
oscillation of the spring ? ! [Ans. 0-1 m] 


irs] See : suu e DM e aqua 
[Hints : Velocity of the combined mass, Men 0-1 


1 1 
Kinetic-energy of the combined mass is E = Aw +m)V? = 5 0-1x0-01J 
ing =ke od zug 2 219.14 0.01 
Potential energy of the spring SETS rS obs zs :1x0-01] 
4. At the surface of the earth and at a height / from the earth's surface the lengths of a second pendulum is 


hil 
I, and /,. Show that the radius of the earth is R= Ja 


5. The equation of a simple harmonic motion is x = a sin (œt + $). If v be the velocity and fbe the acceleration 
prove that 92v? + f? =a? à 

6. A block of mass 45g is connected to two springs as shown in fig. 1,44, The force constant of one spring is 
10N/m and that of the other 5 N/m. Now, the spring is pulled along the lengths of the springs. calculate its time period. 


[Hints : T= uz K= 10-5215 N/m] [Ans. 0:345 sec] 
K Fig. 1.44 

7. A body is oscillating simple harmonically at a frequency 5-0 Hz. At ¢ = 0, the displacement of the particle 
is x(0) — 10:0 cm and velocity v(0) = -314 cm/s, Calculate the equations for displacement x(/). velocity v(t) and 
acceleration a(f). 

[Ans. x(t) = 1042. cos 10nt, v(t) = — 1004/2 7.sin 10nt and a(t)=— 10004/2 x? cos 10n/] [Tripura J.E.E. 1999) 

8. A string of length / is fixed horizontally between two supports. At its mid point a mass m is suspended. the 
mass is set into vertical oscillation, calculate its time period. Tension in the string F >> mg and is constant. 


[Ans. T= SE ] 


[Hints : Initially. the string makes angle a. Hence for the equilibrium of the mass 2F sin a = mg. It at any instant 
angular displacement is 0 the unbalanced upward force = 2F sin(a +0) - mg 
=2F(sin a cos 8 + cos a: sin 0) — mg 
= 2F sina + 2F cosa -0 — mg [cos 0 =| sin 0 = 0] 
= 2F-cosa.-0 - 2F0 [cosa = 1] 


Lej (ipa put dte 
1/2 EN mir 


Eu 4F MEN cd I 
Fig. 1.45 a SAM Oh Jes or dcl Toon! 


ml 
9. A simple pendulum of length / is immersed in a liquid. The density of the bob is-x time that of the liquid. 


a 5 "nios 2 
Calculate the time period for small oscillation. [Ans. T=27 zi 


(x-Dg 


] 


10. Consider the fig. 1.46 when the mass m, is pulled a little and then released. Calculate the time period of 
vibration of the system. Force constant of the spring is K and the mass of the fixed pulley is neglibible. 


4 
Aen [eiim 
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[Hints : Let xp = extension of the spring at equilibrium. 
mg — T and 2T = mg + Kxo 


2m- 
Ninus aue coco T 
is T 


Now, the mass is pulled down by x. Then the unbalanced upward force is m, 
F=2T'=mg—K(x+%); T= New tension. 
When the displacement of m, is 2x, the pulley B moves up by a distance x. 
So, the acceleration of m, is twice that of the pulley. 


d?x 
2mg-Tem 252 
is ^ i] Fig. 1.46 


2 


dx 


d? 
;. Unbalanced force F= me- 2m i mjg- K(x- xo) = is 
ie 


d'x dx 
samg-4m —;-m -Kx- Kx 9 7 —;- 
1 Une bg 0:5 a? 
dx 
or, - Kx = (m Timor . It is the equation of motion. 


iere Tee [CELLA 
m + 4m ^ K 


11. Block A of mass 1 kg and another block B of 4 kg are connected together by a light spring. [Fig. 1.47]. 
The block A is oscillating in the vertical plane with an amplitude x = 1:6 cm and angular velocity 25 rad/s. Calculate 


the maximum and minimum force on the ground. [Ans. 59N, 39N] 
A [Hints : F-mg mg fo: Jo = maw ; F2 (49510)N] 
m, 1 Kg 12. A cylinder of mass m is attached to a light horizontal spring of force 


constant K. Show that the spring oscillates simple harmonically and its time 


2 
UM [3m eheu] (5) (Ou) 
3 E ints: Kx *—m|— +—lw" = s 
period is T zr [Hints 2 x 3 di 2 o constant] 


_ 13. A spring of force constant 19-6Nm-! is hanging vertically. A mass 
0-2 kg is attached at the lower end. What is the extension of the spring ? 
Calculate frequency, amplitude and energy of oscillates. [Ans. x = 02 m ; 


mf 14K 
E s 1-58 Hz, 0-1 m. 01 J] 


B 

3 E 2mg 2x0-3x9.8 
i ; a HKS S y= 8 = 02 
Fig. 1.47 [Hints Sai TENE e 19.6 m 


mg 
When the mass is not oscillating, let extension of the spring be xy. then Kx, mg Of, Xo = =0-1m 


Amplitude of oscillation =~ Xo = -2-0-1=0-1m 


and time period, T= az EX =0-63 sec" 
K 19-6 


1 1 
ee = 1-58 Hz 
Frequency, * T 063 


2 
~<. Energy, U = mao? I 02x (0-1 (33) 20-17] 
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14. Calculate the frequency of oscillation of the system as shown in the fig. 1.48 Radius of the pulley R and 


moment of inertia I. Mass of the attached body is m and force constant of the spring is K. [Ans. n = 2n m4l/R 


] 


[Hints : Considering the equation of the system mg =T - K(/— lo) 

Ig = natural length of the spring. Let m descends by x when the pulley rotates by angle 0. 

+. Unbalanced force on the system, F=K(/+x—- ly)—mg 
2 F=K(l-/9) + Kx-mg= Kx. 


Torque on the pulle T=KxR = (14+ mR?) SR = x 
q PHUCYs ]- mR^ 
2 
a= En OR = KR ; 9 
I mR^ I+mR 
2 KREIS K 

I+mR? m+1/R? 
Fig. 1.48 TRIN ERSTE 

2n Vm e 1/ R2 


15. A tunnel is dug along one of the diameters of the earth and a body is dropped into the tunnel. Show that the 
motion of the body is simple harmonic. Calculate its time period. Radius of the earth = 6400 km and g = 9:8 ms^ 2 

[Ans. 84 min] 

16. The length of a simple pendulum is 2m, amplitude of motion 3 cm and energy 0:1 J. What will be the energy 

of the pendulum in the following cases : (i) Length is unchanged. but amplitude of oscillation 6 cm (ii) amplitude 


3 cm, but length is 1m. [Ans. 04 J : 02 J] 
2 
[Hints : E = aia - Bo mea ewe A. E 
2 2 l T l 
2 me 
3 6 3 
RIO Imel). V. 1 ne(S) TONES UMM 
200 2 200 2 100 
17. Show that the maximum tension on the string of simple pendulum is T — mg(! * 02) . Hence Om = angular 
amplitude (small). a 
18. The point of suspension of a simple pendulum is moving upwards with an 
acceleration a = g/2 making an angle 0 = 30° with the horizontal [Fig. 1.49]. Calculate 30° 
the time period of the pendulum. Tts length / = 30 cm. [Ans. 0:95 sec] 
(0) 


19. A solid cylinder of mass M = 10 kg and having area of cross section A = 20 
cm? is suspended from a spring of force constant K 100 Nm™! so that the cylinder 
is partly immersed in water. Calculate the time period of the cylinder. 


M 
"UL oe vts y 
(ns i Apg+K ieee Fig. 1.49 


[Hints : At equilibrium expansion of the spring is x : Kx; = Mg-hApg 
lg = length of the cylinder immersed in water. If the cylinder a depressed by x, the unbalanced force is 
F = Mg-hApg-Apgx— Kx -Kx =-(Apg+ K)x 
2 Apg+K 


dx 
5 Mears -(Apg+K)x Sao ge 
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20. The force constant of the spring in Fig. 1.50 is K = 5000 N/m. The suspended mass is m = ] kg. The mass 
[Ans. 0:178 sec.] 


is slightly depressed and released. Calculate its time period. 
[Hints : When m is depressed by x, the elongation of the spring is x/2. Total energy of the system | 


x 


2 
3 = constant 


Um py EEK 
2 2 


f mv—4— - 

dt dt 4 dt 

mS des eo [ £=] à | 

dt | 
Jv ER - EK 
ayes axi 7. acceleration I meti venue 
Hence the motion of the mass is simple harmonic. 
m= l Kg 


^. time period, T= Jt - M 20-178 sec ] Fig. 1.50 


21. As in fig. 1.51 the two blocks are pulled out and then released. Show that, the system executes simple 


harmonic motion. Calculate its time period. 
m 


m Koes AT [Ans. T=27 eral 


LH UT 


1 m 
[Hints : z +Kx? = constant, y= 7 ] 


Fig. 1.51 
22. As shown in fig. 1.52 I is the moment of inertia and m is mass of the pulley. Find the time period of 
Vr? 
oscillation of the centre of mass of the pulley. The force constant of the spring is K. [Ans. T=2m = ES ] 


[Hints : Tension in the string is T ; Let the expansion of the spring, y= T/K 


Considering the translational equilibrium of the pulley we get 
mg 
K 


2T=mg or, 2Ky=mg ^Y. 

Here y is the expansion of the spring when it is in equilibrium. Now, the centre 

of the pulley is depressed by x and then released . Increase in length of the string = 
2x. Actually string is not elongated. but the spring is extended. 


2 
^ xdg diio 1 (mg 5 
Total energy of the system is U E XU meson +2x Fig. 1.52 | 


1( 1 2 mg 2 
U=- +m + +2Kx = 
At m) 8K constant. 


=0=( mea] ir 


r 


JT=2n 


<. The motion is simple harmonic. Then time-period 


of mass 1 kg and 2 kg are. attached to the spring of force constant K-24 Nm. 


23. As in fig. 1.53 two blocks 
locity of 12 ms"!, calculate (i) time period of the system, (ii) energy of the system, 


If the block on the left is given a vel 
(iii) amplitude of oscillation. 
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read. mmy (| go d omis 
[Ans. (i) K’ mE ns (ii) Etrans 2 im +m 


Db 1 2 
>, (ii) Total energy of the system, E ji S Erans 75" + my Wen, 
m m. x ; Ido 
OO 4 Epp = E- Erns = E mem In the case of SHM, Ey = ga 
m obi A? w? i AXE TK 
Fig. 1.53 m*m 2 2 m 
LAA CNL ta M vp or, A =v £) 

2 2 m +m K 


24. An ideal gas is enclosed in a vertical cylindrical container and supports a freely moving piston of mass M. 
The piston and the cylinder have equal cross sectional area A. Atmospheric pressure is P, and when the piston is 
the equilibrium, the volume of the gas is vo. The piston is now displaced slightly from its equilibrium position. 
Assuming that the system is completely isolated from the surroundings, show that the piston executes simple 


me). pa A |Y(FoA * Mg) 
harmonic motion and find the frequency of oscillation. [Ans; nS T dva es Ts) 
2n VoMA 


NATURE OF VIBRATION 


TOPICS : Definition ; Nature of Vibration ; Free Vibration ; Damped oscillations ; 
Forced vibration and resonance ; difference between free vibration and forced 
vibration ; Short answer type questions, Exercise. 


2.1. Vibration : 

When a particle makes to and fro motion along the same path, it is called vibration or oscillation. 
Under this motion the particle crosses the same point of its path from the same direction after a definite 
time internal. 

Example : Motion of the string of a musical instrument ; motion of pendulum bob about its mean 
position. 

A vibrating body is acted upon by a restoring force which always tries to bring the body back to 


its equilibrium position. Due to inertia it over shoots the mean position and reaches the opposite extreme 
points. So under the influence of restoring force and kinetic inertia, the body executes to and fro motion 


along the same path. 


2.2. Nature of Vibration : : 

A body of finite size may be set into vibration. Vibration may be of three types : (i) Transverse 
vibration, (ii) Longitudinal vibration and (iii) Torsional vibration. 

(i) Transverse vibration : If the particles of the vibrating body vibrate perpenducular to the length 
of the body, then the vibration is called transverse vibration. 

Example : (i) Vibration of plucked string 

(ii) Vibration tuning fork. 

(ii) Longitudinal vibration : If the particles of the vibrating body vibrate along the length of the 
body, then the vibration is called longitudinal vibration. 

Example : (i) Vibration of spring along its length, 

(ii) Vibration of air column in a stringed musical instrument. 

(iii) Torsional vibration : Suppose a long wire is fixed at one end and loaded at the free lower end. 
When the wire with the load is twisted perpendicular to its longth and then released, the load oscillates 
in the horizontal plane. The vibration of the load at the lower end of the wire is known as torsional 
vibration. 

Example : Torsional Pendulum. 


2.3. Free Vibration or Oscillation : 

When a body vibrates with its own natural frequency in the absence of any externally impressed 
force, the vibration of the body is free vibration. The value of the natural frequency depends or mass, 
shape and elastic property of the vibrating body. 

Evidently in the case of free vibration all types of opposing force is totally absent. Hence total 
energy and amplitude of vibration remain constant. 
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Example : (i) The free vibration or oscillation of a simple pendulum. Its free vibration time period 


is T= afi where / in the length of the pendulum. (ii) vibration of elastic spring along its length. Its 
g 


time period is ren when K is the force constant of the spring. 


© Displacement-time graph : The free vibration continues indefinitely with the same amplitude. 
So the displacement-time graph will be as the fig. 2.1. 


* Equation of motion : A freely vibrating body is 
acted upon by only restoring force F = —Kx. So the 


z 2 

5 ; ; aipa ade x. 

E differential equation of motion is m—— =-K x 
$ 3 di 

s time "e K » 

E K —+0?x=0 [E-o] 

m dt? m 


The general solution is : x =A cos œt + B sin o 
Dr which can be written as 


x-a cos(ora) or, x=a sin(ot +a) 


So simple harmonic motion or the motión of harmonic oscillater is a free or undamped vibration. 


Once started, oscillations continue for ever with constant amplitude. Also total mechanical energy in this 
case remains constant. 


2.4. Damped oscillations : 


In actual practice, all oscillators are subjected to frictional forces of one kind or the other. Some kind 
of damping force is also present with the restoring force. The damping force many arise due to friction 
between the moving parts, air resistance or several other cases. So a real oscillator has to do some work 
against the dissipative forces. This leads to decrease in energy of the oscillator. Now energy is proportional 
to the square of the amplitude. As a result the amplitude of vibration of a real oscillator gradually 


decreases with time. Hence oscillation of a system with progressively decreasing amplitude due to 
friction is called damped oscillation. 


- = 
= v 
E B 
‘a 2 
= hz] 
D 
—> time 
Fig. 2.2 Fig. 2.3 


The frictional force changes slightly the frequency of oscillation. If the damping is not large, the 


frequency of damped oscillation is nearly equal to the natural frequency of oscillation. Fig, 2.2 shows 
the displacement-time graph for small damping. 
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The equation of oscillation of a slightly damped motion is given by y — ae" cos at [b = damping 
factor] 

However, if the damping is large, the system does not oscillate all together. The displacement 
gradually dies down to zero. Fig. 2.3 shows the displacement-time graph for a overdamped motion. 


This type of motion is called over damped or aperiodic motion. 


2.5. Forced vibration and resonance : 


We have seen that when a vibrating body is left to itself its energy and amplitude of oscillation 
gradually decreases due to dissipation of energy by friction. 

Since the vibrating system gradually loses its energy, so energy has to be supplied from outside if 
the system has to be maintained in vibration. Hence to maintain the vibration, an external force must be 
applied so that the lost energy is recovered. For example, the oscillation of the pendulum of a clock is 
maintained by a coiled spring. A case of interest is when the externally applied force is periodic. 

Periodic force is a force when its magnitude and direction vary with time but become same 
after a definite time interval. This time interval is called the period of the force. 

Let a periodic force is applied to a body. If the frequency of the applied force is different from the 
natural frequency of vibrating body, then the body first tries to vibrate at its own natural frequency. 
Ultimate it vibrates at the frequency of the applied force, but with smaller amplitude. It is called forced 
vibration as the body is compelled to vibrate at the frequency of the driving force. Amplitude of forced 
vibration is, usually small. 

Definition : When a periodic force is applied on a body whose natural frequency is different 
from that of the applied force, the body is made to vibrate at the frequency of the applied force. Such 
vibrations are called forced vibration. - > 

Example of forced vibration : In fig. 2.4, a string is losely connected 
between two supports A and B. From two points of the string two 
pendulums C and D of different lengths are suspended. When the pendulum 
C is set into oscillation, it oscillates at its own natural frequency. Through 
the string, energy is transferred from C to the other pendulum D.Asa 
result D also starts oscillating. 

The two pendulums have different natural frequency of oscillation. 
So, D will try to vibrate at its own frequency initially. But after some 
time, it will oscillate at the frequency of the pendulum C. Hence the 
oscillation of D is forced oscillation. 


B 


Fig. 2.4 


2.6. Resonance : 
Forced vibration is set in a body when a periodic force of frequency different from the natural 
frequency is applied to the vibrating body. The amplitude of 
amplitude forced vibration being small depends in a complicated way on 
the difference between the two frequencies ny and n, where 7g 
is the natural frequency of the vibrating body and n is the 
frequency of the applied force. As the frequency of the driving 
force approaches the natural frequency of the body more and 
more energy is transferred to the vibrating body. Also the 
amplitude of oscillation gradually increases; Fig 2.5 shows the 
variation of amplitude of oscillation of a body with frequency 
Fig. 2.5 of the applied force. When n = ^, maximum amount of energy 


h — v 


Phy (1)—48 
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is transferred and the body vibrates with large amplitude. This particular vibration is called resonance. 
When n < n, and n > n, in both the cases amplitude of oscillation is small. 

Definition : The phenomenon of vibration of a body under the influence of a periodic force of 
same frequency as the natural frequency of the body is called resonance. 

* Resonance Curves : The amplitude of vibration at 
resonance is quite large. Maximum amplitude at resonance 
depends on damping present. If the damping is small, the 
amplitude of vibration at resonance is very large. In fig. 2.6 we 
show the variation of amplitude of forced vibration with the 
frequency of the driving force for different values of damping. 
These curves are known as resonance curves or response curves. 
o —» frequency The frequency of applied periodic force at which amplitude 

Fig. 2.6 of vibration is maximum is called resonance frequency. 


amplitude 


As damping decreases, amplitude of vibration at resonance increases and response is greater. The 
resonance becames sharper when the damping is small. So, the sharpness of resonance increases as 
damping decreases. If damping happens to be zero, amplitude of resonance will be infinite. 


© Examples of forced vibration : (i) If a vibrating tuning fork is held by the stem in the hand, the 
sound will be almost inaudiable even from a small distance. Now, if the stem of the vibrating tuning fork 
is pressed on a table a much louder sound.is heard, i.e., sound is intensified. The reason is that the 
vibrations of the fork are communicated to the table which is thus forced to vibrate at the same rate. Due 
to vibration of the larger surface of the table a large volume of air in contact with the table is set into 
forced vibration. So the sound becomes louder. 


(ii) Stringed musical instruments are provided with a hollow wooden box. When the string vibrates, 
the box and the air inside it are set into forced vibration. The sound becomes louder 


(iii) Resonance air column : When a vibrating tuning fork is held over the open end of a closed 
or open pipe enclosing an air column, the air column is set into forced vibration and sound is heard. If 
the natural frequency of the air column agrees with that of the fork much louder sound is heard. 


(iv) The most familar example of resonance is when we tune our radio to a particular broadcasting 
station. There are many stations sending radio-waves of various frequencies. They cause forced vibration 
in the circuit of the receiver. When this frequency becomes equal to that of the radio waves from a 
particular station, resonance occurs. The power absorbed at this frequency is maximum and hence we 
hear only that station. 


* Demonstration experiment : Resonance can be best illustrated by a very simple experiments. The 
experimental set up is shov a in figure 2.7. PQ is an elastic string fixed horizontally. A, B, C and D are 
four pendulums suspended from the string. P 

The driver pendulum A is set into oscillation. The other pendulums 9 
B, C and D will also start oscillating because they are coupled to A 
by elastic string. At the beginning, the motion of B, C and D will be 
irregular. But after some time at steady state the pendulums B, C and 
D will all oscillate at the frequency of he pendulum A. Evidently the 
oscillation of pendulums B, C and D are forced oscillations. 

It will be found that pendulums C and D oscillate at smaller 
amplitude. But the pendulum B whose frequency is same as that of A 
oscillates with larger amplitude. The oscillations of B is in resonance ; 
with that of A. FERA 
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* SHORT ANSWER TYPE QUESTIONS (With Answers) € 


Question 1. What is a restoring force ? What is the restoring force in the case of a simple 
pendulum ? 

Ans. When a body capable of vibrating is deflected from its mean position, immediately a force 
directed towards the mean position acts on the body. The force is called the restoring force. 

In the case of a simple pendulum restoring force is 

F = -mg sin 0 = — mg 0 [ mg = ot of the body and.0 = angle of deflection] 

Q. 2. What is the force acting on the body during its free vibration ? Write the equation of 
free vibration. 

Ans. The only force that acts on a body during its free vibration is the restoring force which is 
proportional to the displacement from the mean position. 

The equation of free vibration is x = a cos of or, y = a sin of 

Q. 3. What are the forces acting on a body during its damped vibration ? Write the equation 
of such a vibration. 

Ans. In the case of damped vibration of a body two forces acts on the body : one is the restoring 
force which is proportional to displacement and directed towards the mean position and the other is 
frictional force which is a approximately proportional to the velocity. 

The equation of damped vibration is x = ae" cos ot. 

Q. 4. Is the frequency of damped vibration same as the frequency of free vibration ? 

Ans. When a dissipitive force acts on a vibrating its amplitude of vibration gradually decreases. It 
is called damped vibration. It is found that the frequency of damped vibration is slightly less than that 
of free vibration. 

Q. 5. Resonance is a special case of forced vibration. Explain. 

Ans. When an external periodic force is applied on a body capable of vibrating. the body 
vibrates at frequency of the applied force. But the amplitude of vibration is small. It is called forced 
vibration. $ 

If the frequency of the ap] lied force becomes equal to the natural frequency of the vibrating body 
then it vibrates with a large amplitude. It is called resonance. 

Hence resonance is the special case of forced vibration. 

i ? 
Q. 6. What is meant by sharpness of resonance * AIA damping high 


Ans. At resonance the amplitude of oscillation is maximum. 
The amplitude falls off on either side of this value. For smaller 
value of damping, amplitude of oscillation falls off rapidly on $ 
either side of resonant frequency. Resonance in such a case is 
said to be sharp. On the other hand, when damping is large 
amplitude of oscillation on both sides of the resonant frequency 
changes slowly. Resonance in such a case is said to be broad or 
flat. The difference in sharpness of resonance due to the 
difference in the value of damping are very clearly brough out 
when the ratio A/A,.., is plotted against @ as in fig. 2:8. Fig. 2.8 

By sharpness of resonance is meant the rapidity with which the amplitude of oscillation or energy 
of the oscillator departs from the value at resonance. 


damping 
small 
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Q. 7. When the stem of a vibrating tuning fork is pressed on a table sound becomes louder. 
Does it violate energy conservation ? 


Ans. Conservation of energy is not violated. Reason : When the stem of the tuning fork is pressed 
on the table sound becomes louder. Here when the surface of the table vibrates greater volume of air in 
contact with the table is set into forced vibration. As a result sound is intensified. But if it is carefully 
observed, it will be found that duration for which sound is heard is quite small than the case when the 
fork vibrates alone. Total energy in the both the cases is same. 


Q. 8. Empty vessel sounds much than when it is full of water. Explain. 


Ans. When a vessel is struck, it vibrates. At the same time air or water in the vessel also set into 
forced vibration. When the vessel is full of water the amplitude of oscillation is small and intensity of 
Sound produced is also low. But when the vessel is empty, it is lighter than when it is full of water. So 
when an empty vessel is struck its amplitude of vibration is large and intensity of sound produced now 
is large. 

For this reason empty vessel sounds louder than when it is full of water. 

Q. 9. Compare free vibration and forced vibration. 


Ans. 
l. Forced vibration is executed by a system 


I. Free vibration is executed by a system under 


the action of its own elastic force without 
being subjected to any external force. 


- Frequency of free vibration depends on 
mass and elasticity. 


. The initial amplitude may have any value 
depending on initial supply of energy. With 
damping, the amplitude diminishes 
exponentially. 

. Free vibration eventually ceases due to the 

action of resisting forces. 


under the action of an externally applied 
periodic force. 


. Frequency of forced vibration in the steady 


State is equal to that of the applied force. 


- Amplitude of forced vibration is generally 


small.except when resonance occurs. Under 
Tesonance condition, the amplitude of 
vibration is large. 


- Forced vibration continues so long as the 


applied force acts. 


Q. 10. What are the difference between forced vibration and resonance. 
Ans. The vibration of a body due to externally applied force is called forced vibration. Resonance 


is a special case of forced vibration. The difference between forced vibration and Tesonance are given 
below. | 


Forced vibration 


1. During forced vibration, the frequency of 
vibration is different from natural 
frequency of the body itself. Its frequency 
of vibration is equal to the frequency of 
the applied periodic force, 


2. Amplitude of vibration is small. 


2. Amplitude of vibration is large. 


Resonance 


- Resonance is the special case of force 


vibration. At resonance frequency of the 
applied force is equal to the natural 
frequency of the vibrating body. 
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A. Short Answer type Questions : 
1. What is meant by natural and damped vibration ? Draw graph for these two vibrations. 
2. What we mean by longitudinal and transverse vibration m 

. What is forced vibration ? How is resonance produced from it ? 

. Explain the condition under which forced vibration leads to resonance. 

. Give examples of a transverse, longitudinal or a torsional vibration. 

. Explain why stringed musical instrument are provided with a hollow box. 

. What is a periodic force ? 


8. The force constants of two springs are K, and K, (K, > K,). Spheres of same mass are suspended from the 
two springs. Which one will have larger time period ? 


anuna yu 


9. What is meant by sharpness of resonance ? 


B. Essay type Questions : 

1. (a) What are the different types of vibration ? Give examples. 
(b) Explain free vibration and forced vibration ? Write the equations for these two types of vibration. 

2. What are forced vibration and free vibration. Discuss the difference between these two vibrations. 

3. Explain forced vibration and resonance. What are the difference between the forced vibration and resonance ? 

4. (a) Define force vibration and resonance. Under what condition forced vibration leads to resonance ? 
(b) What is sharpness of resonance. 4 

5, Set up an experiment to demonstrate force vibration and resonance. 


WAVE MOTION 


TOPICS : Wave motion ; Elastic wave Properties ; Wave motion in stretched string ; 
Generation of transverse wave in an elastic medium ; Generation of longitudinal 
waves ; Progressive waves and their Characteristics ; Important definitions in 
connection with waves ; Relation between wavelength, frequency and wave velocity, 
Equation of progressive harmonic wave ; Relation between particle velocity and 


wave velocity, particle acceleration; Phase of a wave ; Graphical study of propagation 
of harmonic wave ; Velocity of progressive wave in different media ; Reflection of 
waves ; Reflection of sound wave ; Practical application of reflection of sound ; 
Echo ; Practical application of echo ; Refraction of waves; Examples. 


3.1. Introduction : 


In different branches of physics wave related phenomena are observed. So it is essential to 
study the nature and properties of waves. Sound is a type of wave. In addition, there are water 
waves, heat waves, light waves, radio waves and other electromagnetic waves. The existence of 
some kind of wave is observed in subatomic particles like electrons, protons and neutrons. To 
explain the behaviour of these subatomic particles accurately, a new branch of physics named 
wave mechanics has been discovered. The wave phenomena are of fundamental importance to 
a physicist because any description of matter at atomic and subatomic scale without the concept 
of waves is simply not possible. 


3.2. Wave motion : 


There are essentially two ways of transporting energy from one place to another. The first involves 
actual transport of matter. For example, when a particle moves through space, it carries kinetic energy 
with itself. Wherever the particle goes, the associated energy goes with it. Hence the energy is transported 
from one region of space to the other together with the particle. 


The second method by which energy can be transported is much more useful and important. 
It involves what we call a wave process. The waves are capable of transporting energy fromi 
one location to another, but in doing so they do not transport any matter For example, 
(i) What a person beats a drum its sound is heard at distant points. The sound carries energy 
as it can move the diaphragm of the ear. (ii) When a stone is dropped in still water in a 
pond, water waves move steadily along the water surface. A floating cork on water is found 
to move up and down at its own location. It proves that the molecules of water do not move 
along with the wave. (iii) Electromagnetic radio waves carries energy from transmitter to receiver 
for which no material medium is required. Similar host of examples can be cited related to 
energy transfer by wave mechanism. Although these various process of transport of energy are 


different, yet they have a common feature which we call wave motion. We define a wave 
as follows: 


A wave implies propagation of disturbance with some physical quantity of the medium from 
one place to another. 


The key word related to wave motion is ‘disturbance’. Different types of wave motion are possible 


WAVE MOTION 759 


as there are various ways of disturbing the physical state of a body. For example, (i) When we pluck a 
stretched string at some point, a pulse travels on the string. The pulse represents a transverse displacement 
travelling along the string originating at the point of plucking. Here the physical quantity which prapagates 
is the displacement. (ii) In the case of water waves, the disturbance is the change of motion of the water 
molucules relative to the equilibrium state (flat surface). (iii) For sound waves, the change of pressure 
can be regarded as disturbance. 

3.2.1. Classification of waves : 

(A) On the basis of physical quantity being propagated, the waves are classified into two groups. 

(i) Mechanical Waves, (ii) Electromagnetic Waves. 


* Mechanical, waves : These waves are produced when an elastic medium is deformed due to some 
disturbance in the medium. In mechanical wave particles of the medium vibrate. A material medium is 
necessary for the propagation of such waves. This type of wave may also be called elastic wave because 
elastic property of the medium is involved in the propagation of the wave. Sound waves, water waves 
etc. are the examples of mechanical waves. 


* Electromagnetic waves : A wave motion may take place without any material medium. Such 
waves are called electromagnetic waves. In electromagnetic waves electric and magnetic field vectors 
propage in space. Light waves, radio-waves, microwaves are some examples of electromagnetic waves. 

(B) On the basis of direction of vibration of the particles of the medium the waves are classified 
into two headings: 


(i) Transverse waves, (ii) Longitudinal waves. 


© Transverse waves : When the particles of the medium vibrate about their mean positions 
perpendicular to the direction of propagation of the disturbance; the wave is called transverse wave. 
Example : Wave produced due to transverse vibration of string and electromagnetic waves. 


+ © Longitudinal vibration : When the particles of the medium vibrate about their mean position 
parallel to the direction of propagation of the disturbance, the wave is called longitudinal wave. Example: 
waves is spring, sound waves etc. 

Transverse and longitudinal waves together are known as progressive waves, because these waves 
progress from one point to another through a medium. There are another type of waves, having opposite 
properties known as stationary waves which will be discussed later. 

3.3. Elastic Wave Properties : 

Suppose a tuning fork (or any object) is vibrating. A disturbance is created in the medium. When 
a prong of the fork moves on one side, it pushes the layer of air in contact with it and the layer is 
compressed. When the prong goes in the opposite direction that layer of air is rarefied. Thus due to the 
vibration of the tuning fork the layers of air alternately compressed and rarefied. Due to elasticity of air 
these compressions and rarefactions are transmitted from one layer to next layer. Thus disturbance is 
transmitted from one layer to another through compression and rarefaction. This type of wave is known 
as elastic wave. 

The generation and propagation of elastic waves through a material medium (solid, liquid or gas) 
depends on the following three properties of the medium : 

(i) elasticity (ii) inertia and (iii) cohesion. 

(i) Elasticity : When a disturbance is created at any part of a continuous medium, that part is 
displaced from the mean position and elastic strain is produced. Due to elasticity the strained part try to 
return to its initial position of equilibrium. 
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(ii) Inertia : During return motion the velocity of the particles gradually increases. The particles can 
not stop at the mean position, but due inertia of motion, they overshoots the mean position and goes in 
the opposite direction. 


So, the particles of the medium in the disturbed part returns to their initial position due to elasticity 
and due to inertia they vibrate in a periodic motion. 


(iii) Cohesion : The adjacent particles of the medium attract each other. The attraction between 
the particles of the same medium is called force of cohesion. Due this cohesion when a part of a 
medium vibrate, the part adjacent to it also set into forced vibration. In this way forced vibration is 
transmitted from one layer to other layer in the medium. Here different layers in the medium execute 
identical forced vibration. But they are not disturbed simultaneous. For this reason, different particles 
are not in phase. 


Hence the disturbance which travels through the medium due to collective vibration of the particles 
of the medium is known as elastic waves. 


The characteristic of elastic waves may be summarised as follows : 


(i) A material medium is necessary for the propagation of elastic wave. It can not propagate through 
vacuum. 


(ii) The elastic waves have definite velocity of propagation in a medium. This velocity depends on 
the property of elasticity of the medium. 


(iii) Due to cohesive force one particle induces forced vibration to the next particle. The particles 
are not displaced from the mean position permanently. Only the waves propagates through the medium. 


(iv) Any particle of the medium has some mechanical energy. This energy is transferred from one 


particle to another during propagation of elastic wave. Thus the energy of disturbance propagates through 
the medium. 


3.4. Wave motion in stretched string : 


A stretched string can be treated as an one 
dimensional continuous medium. Suppose one 
end of a string of uniform cross section is rigidly 
fixed and the other end is held in hand [Fig. 3.1]. 
A pulse is created by suddenly moving the hand 
upwards and it is brought back quickly to its 
original position. The pulse moves along the 
string. The particles of the string move up and 
down as the pulse passes with a definite velocity. 
Assume that the pulse is created at / — 0 and it is 
denoted by 1. 


This pulse travels a distance x in time ¢ when 1 1 1 
a second pulse denoted by 2 is produced by 3t i Suil (d) 
moving the hand downwards and bringing it back 4b 1J2 
1 
i) 
' 
' 
' 
1 


(a) 


(b) 


(c) 


to its initial position. The second pulse travels 
the same distance x in time £. The velocity of 
each pulse is v = x/t. After a time 2/ third pulse 
is produced and it will travel with same speed. A 
number of pulses produced in time 3/ is shown in 
fig. 3.1. 


(e) 
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Thus we see that energy is transmitted along with the waves in the string. The string does not move 
with the wave. The velocity of the wave depends on the nature of the medium. 

So far pulse is produced in the string after a regular interval of time. Now continuous pulse can be 
created in the string. This can be done by tying the free end of the string to a prong of a tuning fork 
and setting it into harmonic oscillation. It is also shown in fig 3.1. The waves so produced are called 
harmonic waves. 


3.5. Generation of transverse wave in an elastic medium : 


If during propagation of a wave, the particles of the medium vibrate perpendicular to the direction 
of propagation of the wave then the wave is called transverse wave. 


When a stone is dropped on 


POTE O A DP Py Pig water in a pond, transverse water 
is scc Te - ene a fe -—. s» wave is produced. When a stretched 
^ string is plucked at a point 


sali r detente ace cec Uca 3-97 I8) transverse wave is produced. 


When a wave’ propagates 


Die) Fa ee GEO PLE SER U ADU through a medium, along the path 
of the wave the particles of the 


T 

8 

T 

4 H H 

3T Mt ced medium are not in phase. 
ll -----------2—9--- $---&---e---9---9---9 (c) 

8 

T. 

2 

T 


To study the formation of 
transverse wave we consider a 
CE E ---e---e---e---&---e (d) number of particles along a straight 
line [Fig. 3.2]. Let the particle be 
denoted by P,, Pj, P. ....., Pio. 


Assume that the particle P, is 
disturbed at ¢ = 0 and it starts 
vibrating perpendicular to the line 
of the particles under consideration. 
(g) If T be the time period, the particle 
will complete one oscillation in time 
T. As the particle P, moves up, the 

(h) neighbouring particle is dragged on 
and it also starts vibrating. 


c 


(e) 


(f) 


In this way, disturbance travels 

from one particle to another. Let 
Fig. 32 the next particle is just disturbed at 
time ¢ = T/8. 

At t = T/4, when the particle P, has attained its maximum upward displacement, the disturbance just 
reaches the next P, particle. 

Thus we can find the positions of particles P}, P, ..... at different times. At time / = 3T/4, the particle 
P, reaches its maximum downward displaced position, P, attains its maximum upward displacement and 
the particle P, is just disturbed. 

When time ¢ = T, the particle P, completes one vibration and returns to its equilibrium position and 
the particle P, is just disturbed. So the particles P, and P, vibrate in step. Both P, and P, reaches the 
maximum displaced position at the same time and so they are in phase. 
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When waves propagates through a medium, the distance between the two nearest particles which are 
at the same phase is called wavelength (A). 


From the study of the figure 3.2 we find that — 
(i) At any instant the crest and trough alternately spread. 


(ii) The distance between two successive crests (or troughs) is A and the distance between a crest 
and the next trough is 2/2. 


Special Discussions (i) At time ¢ = 0, the particle P, was at its equilibrium position [Fig. 3.2(a)]. 


^ V 2R 
So its equation of motion is y(t) =A -sin wf = A -sin—-1 


T 
4E ET T A 
(ii) At time ¢ = T/8 the displacement of P, is ZU -1)- Avsi Lu 8 
T: COT 
(iii) At time ¢ = T/4 the displacement of P, is X: -i) mAssin—— =A 


rs t 
(iv) At time ¢ = T/2 the displacement of P, is Y|! 7 — sd au 


During this time the particle completes half oscillation and moves downwards. 


. : 5T Am STETA 
(v) At time ¢ = 5T/8 the displacement of P, is ZU ->)- BS rs STA 
(vi) At time ¢ = T, the particle P, completes one oscillation, the disturbance reaches the particle pa 
and it moves upwards. 


Evidently at time ¢= T, ¢= 2T and ¢ = 3T, the particle P, completes 1, 2 and 3 complete oscillations. 
As the energy of disturbance flows along the wire, different particles of the medium execute identical 
simple harmonic motions. But they always have some phase difference with respect to each other, Here 
the particles P, and P, are at same phase and P, and 
P, are in opposite phase. 

The displacement-time graph for the particles 

of the medium during propagation of the wave is 
shown in fig. 3.3. The graph will be either a sine or 
cosine graph. Here the direction of vibration of the 
particles is perpendicular to the direction of wave 
motion. The moment at which the particle O crosses 
its equilibrium position (OBF line) in the downward 
direction with maximum velocity, the direction of Fig. 3.3 
vibration of other particles are shown by small arrows. 
The point A at the maximum displacement in the positive direction is the crest. The point C at the 
maximum displacement in the negative direction is the trough. The state of motion of the two points A 
and C is opposite, So they are in opposite phase. But the points A and E are in same phase because they 
are in the same state of motion. As the particles of the medium vibrate the wave travels along OF from 
left to right. 


Nature of the medium : In a transverse wave, the different layers of the medium move tangentially 
with respect to each other and hence the forces exerted by one layer to its next layer is a shearing force. 
These forces can exist in solids and to a smaller extent in liquids, but not in gases. Hence transverse wave 
can not travel through a gas. 
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3.6. Generation of Longitudinal waves : 

During the propagation of longitudinal waves, the 0123456789 1011 12 13 14 15 0 
particles of he medium vibrate parallel to the direction of 
propagation of the wave. To study the formation of 
longitudinal wave in an elastic medium we consider the 
particle 0, 1, 2, ..... etc. on the line of propagation. The: 
figure marked I, II, III ..... etc. indicate the position of 
particles at intervals of T/12 where T is the time period of f 
vibration of the particle. A particle executes an SHM 
about the mean position of rest in the direction of wave 
propagation left to right. AB and AC represent the 
amplitude of the vibration. Any two neighbouring 
particles have a small relative phase difference. 

e Nature of medium : Longitudinal waves can 
propagate through any medium because all substances 
have elasticity and inertia. Also all substances are 
compressible to same extent. For these reasons i 
longitudinal waves can pass through any medium — solid, CAB Fig. 3.4 
liquid or gases. 


Example : We take a long spring AB whose force 
constant is small [Fig. 3.5]. Its one end B is rigidly fixed 
A ATTY B and the whole spring is placed on a frictionless surface. The 

end A is set into small vibration. The wave propagates along 
its length. The existence of wave is understood by observing 
the compression and rarefaction of the spring. At the part of compression the turns come closer and at 
the part of rarefaction the turns of the spring go away from each other as in fig. During propagation of 
the wave alternate compression and rarefaction are produced. Evidently, in this case all the particles of 
the medium vibrate parallel to the length of the spring. 


Longitudinal wave passes through a material medium through compression and rarefaction. 
3.7. Comparison between transverse and longitudinal waves 


compression — ie s 


compression 


Fig. 3.5  — wave motion 


Transverse waves Longitudinal waves 


1. During the propagation of the waves the 
particles of the medium vibrate at right 
angles to the direction of wave propagation. 

2. Can be produced only the solids but not in 
gases or liquids. 

3. The distance between any two consecutive 

crests or consecutive troughs gives. the 

wave length of a transverse wave. 


4. Can be polarised. 


|. During propagation of the waves, the 
particles of the medium vibrate parallel to 
the direction of propagation of the waves. 

2. Can be produced in solids, liquids and 
gases. 

3. The distance between the centres of conse- 
cutive compressions or rarefactions gives 
the wave length of the longitudinal wave. 


4. Can not be polarised. 


3.8. Progressive Waves and their Characteristics : 


Defination : A progressive wave is a disturbance that passes through a medium with definite velocity 
and transfer energy from one point to another. In the process no physical transport of material takes place. 
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We summarise the characteristics of progressive waves as follows : 

(i) Progressive waves are produced by continuous periodic vibrations of the particles of the medium. 
Such waves may be longitudinal or transverse. 

(ii) Each particle of the medium executes the identical vibration about the equilibrium position with 
identical frequency and. amplitude. 

(iii) A small phase difference exists between the motions of successive particles. The phase difference 
is proportional to the distance between the particles along the direction of wave motion. 

(iv) The medium as a whole does not move along the direction of wave motion. 

(v) Progressive wave carries energy from one point to another without any transfer of matter. . 

(vi) The velocity of the wave is constant for a particular medium and is determined by the elasticity 
and density of the medium. 

3.9. Some important definitions in connection with waves : 

(i) Amplitude of the wave : When a wave passes through a medium, the maximum displacement of a 
particle of the medium is called amplitude of the wave. In fig. 3.6 ‘a’ is the amplitude of the wave. 

(ii) Wavelength : When a wave passes through a 
medium, the minimum distance between any two 
particles of the medium which are in the same phase at 
any instant is called the wavelength of the wave. In fig. 
3.6 the distance AE = BF is the wavelength A. 

Obviously, during this time a particle of the medium 

Fig. 3.6 completes one oscillation, and the wave travels distance À. 

(iii) Period : When a wave passes through a medium, the time required by a particle of the medium 
to execute one complete oscillation is called the period of the wave. 

It is also the time taken by the wave to travel a distance equal to one wavelength. 

(iv) Frequency : It is the number of complete vibrations executed by a particle of the medium in 
the path of the wave in one second. 

So, frequency n = 1/T (T = time period of vibration) 

(v) Wave velocity : It is the velocity with which the phase of vibration advances along a line of 
wave propagation. 

(vi) Wave front : When a wave travels through 
a medium, the particles of the medium which are at 
the same phase lie on a surface. This surface is called 
wave front. The surface produced by joining the crests 
or tronghs of transverse wave is wave front. 

A wavefront does not remain stationary but 
advances through the medium with definite velocity 
called wave velocity or phase velocity. Fig. 3.7 

In a homogeneous medium, the disturbance produced at a point in it, spreads out in all directions 
will equal velocity. Particles equidistant from the source will vibrate in the same phase. Hence the wave 
front will be spherical. Such waves are called spherical waves. If the waves are confined to move on a. 
plane, the wave fronts will be concentre circles. 

If the source is at a large distance then a finite portion of the wave front coming from the source 
is practically a plane surface. It is called a plane wave-front. 


It must be remembered that energy of disturbance travels perpendicular to the wave front. 
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3.10. Relation between wavelength (4), frequency (#) and wave velocity v. 


The frequency ofthe wave is n. So, n number of waves are produced in one second and particles of the 
medium complete n vibrations. Now after one vibratrion of the particle, the wave travels a distance A. 


So, after n vibrations, the wave travels a distance ni. Clearly, it is the velocity of the wave. 
Hénce v= Bi TEE E, ee SP Spei. cara (3.1) 

Wave velocity — frequency x wavelength 

Again, if T be the time period then n = 1/T 

vs NT AIT Coe E een ee ae ES (3.2) 

3.11. Equation of progressive Harmonic wave : 


Wave motion (longitudinal or transverse) is the result of simple harmonic oscillations of the particles 
of the medium. Although every particle of the medium execute identical vibrations, they are not all in 
phase. The particles in the crests are in a different state of motion from those in the troughs. Similar is 
the case for compression and rarefaction during longitudinal wave propagation. Wave motion is actually 
the motion of phases of various particles of the medium. To describe wave motion in mathematical terms 
we must be able to relate the states of motion between any two particles in the path of the wave. 

We assume that the wave is travelling along x-axis with velocity v. Let this wave is created at 
x = 0 due to harmonic oscillation of period T and amplitude a. So, the displacement of the particle P, 
at x — 0 is given by 


y(0, 0) «asina Rer UM M Us MEAN (i) 


Here y(0, £) means displacement of the particle located at x = 0 at the time /. 


Now, we consider another particle P, on the x-axis at a distance x from P,. The disturbances created 
at P, will reach P, after x/v sec. We now find the displacement y(x, t) of P, located at x at any instant 
of time ¢. It is done as follows : 

The displacement of particle P, located at x is equal to the displacement which the particle P, located 
at x = 0 had x/v sec earlier. Hence the displacement of particle P, at time 7. 


X 
= displacement of particle P, at time sp 
v 


dum. . 2m z) 
=a‘sin—t' =a-sin—] t-— 
T: =k v 
to x 
t))e —Ó—— 
y(x, 0) = a-sin = =) Uim edP ME (3.2) 


This is the equation of a progressive harmonic wave travelling along the positive x-direction. 
For a wave travelling along the negative x-direction, the equation is 


y(x, t) = a-sin (145) Ms OEE, ives 5 (3) 


e A discussion : (i) The equation of progressive wave may also be expressed in cosine form. In that 
case, the equation will be 


- Mose i3) 
3 aly v 
(ii) We can express the equation (3.2) in alternative forms also. 


=a sin DS. x) 
x Tv 
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=a sin o Do WEM? (3.3) [vT 7 = =i, wave length] 


2 
- asin{ Au -A) -a sn( 2am -) [n = frequency] 


: 2n 
pd sn( or 28, [o = angular frequency] 


(iii) In deriving the above equations it has been assumed that the amplitude of oscillation remains 
unchanged and there is no loss of energy. But actually there is a loss of energy mainly due to viscosity 
of the medium. As a result the amplitude of oscillation gradually decreases. Considering loss of energy, 
the equation of progressive wave will be 


y=ae™ sin Hwa) , b is called damping factor. 

(iv) To prove that the wave equation is periodic in x, let us evalute it, when x is replaced by x+A 
y(x*A,t)-2 asin [ve-(x+A)] =a sin E -1)+2r] 

Since sin(@+2n)=sin 0, we have 


ee 
W(x+A, 1) =a-sin Pace 7 Y(X+A, t) = y Qo t) 
Hence the wave equation is periodic is x and its wave length is A. 


(v) At any position (x fixed), the displacement again becomes same after time T, where T is the time 
~ period. Substituting (t + T) for ¢ in equation (3.3), we have, 


ED t 
y=a JET +T)- -| = asin Ew -»«] =asin Zor -x) 
It tells that time period of vibrating particle is T. 
3.12. Relation between particle velocity and wave velocity ; particle 
acceleration : 


When a disturbance is created at any point of a medium, the particles of the medium vibrate about 
their positions of equilibrium and the energy of disturbance travels from one part to other part of the 
medium in the form of wave. The velocity with which wave or energy of disturbance travels is called 
wave velocity. The velocity of the wave depends on elasticity and inertia of the medium. 

On the other hand, the velocity with which the particles vibration during the propagation of the wave 
is called particle velocity, It is maximum at the equilibrium position and zero at the two extreme ends. 


To obtain a relation between these two waves we consider the equation of progressive waves : 
y-a sin 2 (vt - x) 
- EVE 
Tv 
* Here v is the wave velocity of the wave motion. So, v=nå 
* Particle velocity of the above equation is obtained by differentiating the displacement y [eq. 3.3] 


with respect to time. 


/ 2 3 
-. Particle velocity vp -2 =a y cos (wx) CIBC ede eU (i) 


e m asc 
Again Wr nd gne UIST De ces sie a a aes ET (ii) 


WAVE MOTION s 767 


From equation (i) and (ii), v» = -» huc ae ie ers (iii) 


-. Particle velocity — — wave velocity x slope of displacement graph. 
* Particle acceleration : 


If the displacement at time 1 be y, its acceleration, f = uy 


: d d|2nav 27 
assioni] : es E(u -»)| 
E NM ) Amo 
- 3 av? sin (wx) asd 3 av |y 


3.13. Phase of a wave : Its variation with time and distance : 


The quantity by which the motion of the wave can be completely determined is called phase of the 
wave. From its value the state of motion of the particles of the medium can be ascertained. In fig. (3.3) 
the points O and D are at the same phase of vibration. The points O and B are the opposite phase. Now 
the equation of progressive wave is 


eA 
y=a Sine Ed sin 0 


where 6 == (v-a) Pe Ee Were ts otc OF (3.5) 


This quantity 0 is called phase of the wave. It follws that the phase of the wave is funciton of both 
t and x i.e. it varies both with time and position. 

eè (i) Phase change with time : At any point of the medium in the path of the wave motion 
(x = constant), the phase changes with time. Let ¢ increases to / + Az. Then @ increases to A0. Then from 
equation 3.5 


A0 EE v: At ECL 
À T 
z. When Ar = T, A0 = 2r. It means that after a time T, the phase change of vibrating particle is 2 


i.e. the particle returns to initial phase. 


(ii) Phase change with distance : At any instant (/ — constant), the phase of the particle decreases 
with distance, when x changes to x + Ax phase changes from 0 to 0 + AO 


2n 
MA8L-—Ax 
X 
The negative sign indicates that for a progressive wave travelling along x-axis, the further away the 
particle is situated along x-axis, the more it lags behind in phase. 


It Ax - , A0-2-2mT. 
Phase difference 2x means that two particles are at equal phase. 
So, A is the minimum ‘distance between two particles which are at same phase. 


` 

(iii) Phase difference : The phase difference at any instant between two vibrating particles located 

at two positions is equal to the difference in phases of the two particles. Let at any instant the particle 

are at distances x, and x, from the origin. Then the path difference between the particles 
Ax = xj-—X 
29 
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2n 3 
Now, phase of first particle at time t, 6, sta) and phase of second particle at the same 


2n 
time, 05 = peu: xj) 
2n 
X 
2n > 
*. Phase difference = mp path difference. 


Hence (a) when path difference be 0, A, 2A, ..... , the phase difference will be 0, 2m, 4m, ...... All 
the particles are at same phase. 


<. Phase difference, 9j -03 = — (x, xi) 


3. SK : A sud: 
(b) Again, if the path difference be — DES gus the corresponding phase difference is n, 37, 57, 


en Here the particles are in opposite phase. 
* A Discussion : How does a wave travels through a medium ? 


The equation for the displacement of a particle during the propagation of longitudinal wave is 


If v be the velocity of the wave, in time Ar the wave travels a distance v-Ar. At time ¢ + Av, if the 
displacement of a particle at a distance (x +.v Aj) be y' then 


? i (= Hz 
y'z-a:sin 21| ——- 
À 
N v- AL SINA aot 
oa X T 


^o y' s acsin a(£-4) So, y» y! 
07-39 
It means that whatever be the displacement of a particle at a certain time, the same displacement 
occurs after a time Ar which is v A distance ahead of the first particle. 


3.14. Graphical study of propagation of harmonic wave : 

We can study the variation of harmonic progressive wave graphically. From the equation of harmonic 
wave [Equ. 3.7], we see that the equation contains three variables — (i) particle displacement, y 
(ii) particle location, x and (iii) time, ¢. Then the graph of y when x and ¢ are both variables will be a 
three dimentional graph. A graph in two dimensions plane can be obtained, if one of the two independent 
variable (x and /) is kept constant and the other is varied. 


Here we shall draw (y — x) graph for different values of z. We can write the equation (3.7) in the 
following way. 


At x SLOT 
, t) =a-sin—| t-> |-a sin— (v -x 
y(x, t) = a-sin =( =) a n (vt x) 


3 i29) ERO 
(i) At time £ — 0, y(x, 0) =a sin uera sina 


y 


x [oma | 32| ma 
prp ES 
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The curvee (a) of the fig. 3.8 shows the plot of y(x, 0) against x. 


» T 
(ii) When time £t Ta 


Curve (b) of fig. 3.7 represents 


T 
y pO against x 


T inp s d. 
(iii) At time 2 


(= Lem 
X > n 


The graph 3.8(c) shows the graph 


T 
of X 23 against x. 


iv) At gash 
(iv) 4° 


3T 2nx fig. 3.5 
y| x, — | = -a:cos—— 
4 À 


The graph of this equation is shown in fig. 3.8(d) 


2 i 
(v) When t=T, y(x, T)= -a-sin == The graph of this equation in shown in fig. 3.8(e). 


Evidently the fig. 3.8 shows a progressive wave (whose amplitude is a, time period T and wavelength 
À) which is generated at x = 0 and travels with a velocity v towards right. 


The situation for longitudinal wave is 
quite different. For a longitudinal wave in a 
gas there is a crowding of particles in a 
compression when density is high and in a 
rarefaction it is low. The fig. 3.9(a) shows the 
picture of a longitudinal wave. Evidently it is 
not very convenient representation. We can 
represent a longitudinal wave by a graph 
which shows the variation particle density as 
in fig. 3.9(b). The horizontal line represents 
the normal density. All points above this line 

fig. 3.9 represent density larger the normal. The points 
below represent less than normal density. 
3.15. The velocity of progressive wave in different media : 


(i) The velocity of transverse wave in a stretched string, V = HE 


m 
where T = tension in the string, m = mass per unit length of the string. _ 
Phy (D—49 
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: X 
(ii) The velocity of longitudinal wave in a stretched string, V = ,|— 


Here Y = Young’s modulus of the material of the wire, p = density of material. 


(iii) The velocity of longitudinal wave in a solid, V = E 
p 


: 1 K 
(iv) The velocity of longitudinal wave in a liquid or gas is V — E 
K = bulk modulus of the medium, p = density. 


(v) The velocity of sound in gaseous medium V = n 


P 
P = pressure of the gas, y = ratio of tWo specific heats of a gas. 


1 
(vi) The velocity of electromagnetic wave, V "uk 
u 


When p = permeability of the medium and K = permittivity of medium. 


e NUMERICAL EXAMPLES e 


Example 3.1. : The equation of a progressive wave is y — 15 sin (660 xt — 002 zx) cm. Find 
velocity of wave. [H.S. 2003] 


i 2n 
Solution : The general equation of a progressive wave is y = asin( 2a - 


Comparing this equation with the given equation, we get 2n! = 660 mf 


<. frequency of the given wave, n = 330 Hz. 


2n 1 

—x-0-02n ; À-—— =100H 
and n X  .. Wavelength 0-02 z 
<. velocity of the wave, v = nd = 330x100 = 330 m/s 


Ex. 3.2. : The frequency of a tuning force 400 Hz and velocity of sound in air is 320 m/s. 
Calculate the distance travelled by the sound wave during the time the fork completes 30 vibrations. 


[H.S. 1983] 
Solution : v = 320 m/s and frequency n = 400 Hz 
320x100 
. Wavelength of the wave À= ae =80 cm 


.. After 1 vibration, the sound travels a distance 80 cm 
-. after 30 vibrations the sound travels a distance — 80x 30— 2400 cm - 24 m, 


Ex. 3.3. : The frequency of a tuning fork 512 Hz. The sound travels 20 m in air during the time 
the force completes 30 vibrations. Calculate wave length and velocity of sound in air. 
Solution : In | sec. the.fork completes 512 vibrations. 


~<. To complete 30 vibration it takes E THER sec 
512 256 


15 


Evidently, in time 256 sec. sound travels 20 m the air 
15 
-. Velocity of sound in air, V= AU ee = 341-33 m 


V 34133 


<. Wavelength of sound in air, À = = 66-67 cm 


Ex. 3.4. : A cork is floating on water in a pond. When wave travels through water surface the 
cork executes oscillatery motion in a vertical plane. Calculate the maximum velocity of the cork 
when the velocity of the wave is 02 m/s, wavelength of the wave 1:5 cm and amplitude of the wave 
5 mm. 

Solution : When the wave passes through the water surface, the amplitude and frequency of the cork 
will be equal to the amplitude and frequency of the wave. 


Now, wave velocity v = nA 


v 0-2 
-—- =13-33H =0: = 0: 
n X^ 0-015 z [Here v = 02 m/s, A = 0015 m] 


-. Amplitude of vibration, a = 5 mm = 0:005 m 


€ 


=. Maximum velocity of the cork, V may = ac = 217a 

“Voge = 20x 13:33x 0-005 = 0-42 ms * 

Ex. 3.5. : A spring is suspended from a support such that lower portion of the spring is 
immersed under water. The spring completes 120 vibrations per min. As a result a wave is created 
on the water surface. It is found that the distance between 11 consecutive crests is 20 cm. Calculate 
the velocity of the wave. 

Solution : Frequency of the wave is equal to frequency of vibration of the spring. 


120 
~». frequency of the wave, "— c5 = 2Hz 


The distance between two consecutive crests is wave length À. 
11 consecutive crests include 10 waves. 
20 
^. lengths of 10 waves = 20 cm. -` A= EE 2 cm 
~. Velocity of the wave, v=n\ 22x2-4 cm/s 


Ex. 3.6. : When a bat flies over a lake it creates ultrasonics of frequency 100 KHz. When this 
sound falls on the water of the lake, a part is reflected and the rest is refracted. If the velocity of 
sound is air be 340 m/s and that'in water 1450 m/s, calculate the wavelengths of reflected and 
refracted waves. 


Solution : The frequency of sound emitted by the bat is 10° Hz 
Velocity of sound in air, V, = 340 ms"! and in water V, = 1450 ms! 
As the reflected wave travels in air, the wavelength of reflected wave, 


_ Val _ 340x100 
n 10° 
The refracted wave travels in water. So, the wavelength of refracted wave is 

_ 1450x100 


10° 


=0-34cm 


a 


=1-45cem 


v. 
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, cid x 
Ex. 3.7. : The equation of a progressive wave is Y = 5 sin 2x (al Cms 


Calculate : (i) Amplitude of the wave, (ii) Wavelength, (iii) frequency, (iv) velocity of the wave 
and (v) maximum particle velocity. 
x ns j s 2 
Solution : General equation of a progressive wave, y = a+sin 2n (4-3) comparing this equation 
with given equation we get, 


(i) Amplitude of the wave, a = 5 cm. (ii) Wavelength A = 136 cm. 


= 250Hz 


1 
(iii) Time period = 0:004 sec. ~. frequency ” = 0-004 


(iv) Wave velocity, v = nÀ = 250x136 = 340-0 ms! 


i i i i 5x ed cos 21 L z | 
vp= e = 
(v) Particle velocity at any instant is Vp d 0-004 0-004 136 


OT _ 7850 cms"! - 78-5 ms” 
0-004 


Ex. 3.8. : The bulk modulus and density of steel are 80 times and 8 times those of water. 
Calculate the velocity of sound in steel. Given the velocity of sound in water — 1493 m/s. 
| J.E.E. 1995] 


>. maximum particle velocity, Vp = 


Solution : Velocity of sound in elastic medium, V = [E 
P 


Here, E = modulus of elasticity of the medium and p = density of the medium 


-. Velocity of sound in water, V, = E, and in steel, V, — ES 
| P 


s 


5 
aNs [Es Pe = fg0xl =/10=3-16 5 V, =3-16x1493 = 4721 ms"! 
Vy YE. Ps 8 


Ex. 3.9. : The equation of progressive wave travelling along X-axis on the string is 
y = 3: sin (314. — 3141) cm. Find : 

(a) Find the maximum velocity of a particle of the string. 

(b) Find the acceleration of a particle at x = 60 cm at time ¢ = 011 sec. 


Solution : Here y ^ —3:sin (314t —3-14x) cm 
(a) The velocity of the particle at x at time ¢ is 


Vp -2. -3x314:cos (314¢-3-14x) =-942 cos(314t -3-14x) 


-. Maximum particle velocity, v, = 942 cm/s = 942 m/s 
(b) The acceleration of the particle at x at time £ is 
a 2942 x 314-sin (314t —3-14x) 
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The acceleration of the particle at x = 60 cm and at time ¢ = 011 sec. is : 
a=942x314-sin (1162) 20. [n - 3-14] 
-. Acceleration at x = 6 cm and t = 011 sec. is zero. 
Ex. 3.10. : The equation of progressive wave y — 0-1 sin (400 1-1-25nx) 
Calculate (i) frequency (ii) Wavelength (iii) velocity (iv) phase difference between two points 
located at x = 02 m and x = 1-0 m. Here y is expressed in mm unit and x is in m unit. 


: DO 
Solution : The general equation of a progressive wave is Y —4'SIn m(£-2) comparing this 
equation with the given equation we get 
2n 1 
Que 4007 ~. frequency "== 200 Hz 
< 


2n 2 
mnm ees. os Ku eu 
(ii) X wavelength 1.25 6m 


(iii) wave velocity, v = nù = 200x1-6 = 320 m/s 

(iv) phase p=2n(5-2 Miu 2B Ay 
P Ti yp aan 

Here Ax =1-0-0-2=0-8m 


27 
-. Phase difference between the two points is Ad = NS =-T, 


Ex. 3.11. : When a progressive wave travels through a medium, the equation of motion of a 
particle iş y (x, f) = 0-01 sin 2x (21 — 0- 01x) ; Here y and x are in metres and : is in sec. Calculate: 
(i) frequency and velocity of the wave (ii) Phase change'at a point during a time interval of 0:25 


sec (iii) the phase difference at a given time between two particles at a separation of 50 m. 
AE ETE 
Solution : The general equation of a progressive wave is Y (x, =a Sms -x) 


(i) Comparing this equation with the given equation we get 
wavelength of the wave, A = 100 m, wave velocity, v = 200 m/s. 


-. frequency of the wave, "= X- =2Hz 
(ii). Phase difference of a particle in time interval At is 
b= Ear = 2nn-At=2nx2x0-25=n 
(iii) The phase difference between two particles at a separation of 50 m at a particular time is 
2n 


hs a RE BO aes 
2 100 


Ex. 3.12. : The equation of a progressive wave is y — 2-0 cos2n (107 — 0- 008x) . Here x and y 
are expressed in cm and ¢ is in sec. Calculate the difference of phase between two points which are 


at a separation of (i) 0-4 m and (ii) A. 


2n 
Solution : The phase difference, AO a 
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2n 1 

2* ion x 0-008 7. A=—— = 125 cm 2 1-25 m 
Hee Gti 0-008 " 
(i) Ax - 0-4m then Ab = xta 0- 64n rad 


3 
i) Axe—— +..Ab=—-— == rad. 
(i 4 Mo a e 


Ex. 3. 13. : One end (x = 0) of long horizontal wire is producing is progressive wave by a tuning 
fork of frequency 500 Hz. The amplitude of the wave 0-01 m. At any instant the displacement of 
the particle located at x = 0:1 m is 50:005 m and the displacement of the particle located at x = 0:2 
m is +0005 m. Calculate wavelength and wave velocity. 

If the particle moves along negative x-axis obtain the equation of the progressive wave. Assume 
that at ¢ = 0, the end of the string is in equiljbrium at x = 0. 


. 27 
Solution : Let the equation of the progressive wave be y=a Sn rx) 
TOL TE 
<. -0-005 — 0-01 sin7- (v =x) [xı =0-Im] 


PUE 1 
i sin (vt -x)- yr 
2n Tn 


;. Phase $i = -2) vr ED EE (i) 


2 
Again, 0-005 - 0-01 sin (wx) i5 sin= (vt -n)=5 


2n nC 
n6 Lira eed ces RNC AE ctetu RM (ii) 
7 
<. Phase difference Ad = 0; -b2 = ES = 


2 2 
Now, Ab-- ay or, T= en -3,) 


2n 
ote sey Wa ey) or, A= 02 m 
frequency of the wave, n = 500 Hz 
-. Velocity of the wave, v= nì =500x0-2=100 ms?! 


nd 
-. The equation of the wave, y - 0-01 sin 5 (1000 — x) = 0-01 sin 107r (1007 — x) 


Here y and x are in metre unit. 


3.14. : The equation of simple harmonic motion of a source is y = 6 sin 300 x cm. Calculate 
displacement, velocity and acceleration of a particle at a distance of 150 cm from the source at time 
t= 0-01 sec after the source starts vibrating ; velocity of wave = 300 ms“. 


Solution > The equation of vibration of the wave at any time ¢ is y = 6 sin 300 nt. 
The equation of displacement of a particle at the same time at a distance 150 cm from the source is 


Y 2 
y=6-0 sin( 3000 -78 5) [A = wavelength] 
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At this instant, the equation of velocity of the particle is 


v cgis 6x300 mcos 30071 -22x 
dt À 


and equation of acceleration, f = M z ~6(300n)° sn{ 300m .2n J 
lt X 


Now, © 2300x ~. n=150 Hz and iu. TES a0 em 
n 


Hence the displacement of the particle at time ¢= 0:01 sec at a distance of 150 cm from the source is 


y=6 si (s00s:- 28s - 6:sn( 300m 13-2 i580 
A 200 
= 6 sin(3n — 1-51) =6 sin = nys-6em 4 
. mas 3n 
velocity at this instant, v = 1800 COS =0 


. 31 
and acceleration, f = —6(300)" -sin FZ 7-533x 10° cm/s? 


Ex. 3.15. : The equation of a progressive wave is y - 2-5 sin( 4001-0: 68+ 4) . Calculate : 


(i) the phase of the particle at x = 0 at time t = 0, (ii) phase difference between two points lying along 
x-axis at a separation of 20 cm, (iii) change of phase during time interval 4x10- sec at any 
point. 


Di 
Solution : Phase of the wave, > = 40010-68245. 


(i) At the point x = 0 at time ¢=0, > =F 

(ii) Phase difference in distance, Ad = -0-68(x, —x,)=—0-68 x 20 = -13-6 rad 

Phase change in time Ar = 400: At = 400x4 x 107* =0-16 rad. 

3.16. Some common properties of progressive waves : 

Progressive waves (transverse or longitudinal) has some common properties. These are : 


(i) Reflection : A progressive wave while travelling through a medium is incident on a second 
medium, a part of the wave returns to the first medium. This is known as reflection of wave. The energy 
of the reflected wave depends on the nature of the surface of separation. 

(ii) Refraction : When a progressive wave falls on the boundary of two media, a part of the incident 
wave enters into a second medium. It then moves in a different direction and with different velocity. This 
change of direction of wave is called refraction. 

(iii) Interference : When two progressive waves of equal frequency and having a constant phase 
relation cross each other, they may at some point reinforce each other, while at other point they many 
destroy each other. The two waves are then said to interfere. 

(iv) Diffraction : When a wave passes over an obstacle, its direction of propagation changes. 
It is found to bend round corners. This phenomenon of bending of light round corners is called 
diffraction. 
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(v) Polarisation : We know that during the propagation of progressive wave, the particles of the 
medium vibrate at right angle to the direction of propagation of the wave. Usually the plane of vibration 
may be any plane. If the vibration of the particles is confined in one plane only then the wave is said 
to be polarised. 


In the case of longitudinal waves, the particles of the medium vibrate parallel to the direction of 
propagation. So such wave can not be polarised. 


Hence transverse wave can only be polarised. For example, light waves being transverse, can be 
polarised. 


3.17. Phase change due to reflection : 


In some cases, a change of phase takes place during reflection of light. If the surface of the reflector 
be rigid, the phase of the reflected wave will be opposite i.e. the phase difference between the reflected 
and incident wave will be 180*. On the other hand, if the wave falls on the flexible boundary or if the 


density of the second medium be less than the density of the first medium, there will no phase change 
due to reflection. 


If the compression of the longitudinal wave is reflected as rarefaction then the phase change is 180°. 
Also in the case of transverse wave the crest is reflected as trough. 


3.18. Reflection of waves : 


; When a progressive wave (transverse or longitudinal) falls at the separation of two homogeneous 
media, (i) a part of the wave returns to the first medium as reflected wave and (ii) the rest part enters 
the second medium and travels in different direction with different velocity. It is called refraction. It is 
to be noted that the velocity and wavelength of the reflected wave remain unchanged. But both of 


velocity and wavelength of refracted wave change. However, in both the cases the frequency of the wave 
remain constant. 


To discuss the phenomenon of reflection of wave, we make 
use of concept of rays. In fig. 3.10, a wave travelling along AO 
in incident obliquely on the reflecting surface PQ. AO is called 
the incident ray. After reflection the wave travels along OB. 
So, OB is called reflected ray. ON is the normal at O on PQ. 


ZAON =i is the angle of incidence and “BON — ‘is the 
angle of reflection. P 


* Laws of reflection : The reflected waves obey the following Fig. 3.10 
two laws of reflection. 
- (i) The incident ray, reflected ray and the normal at the point of incidence all lie in one plane. 
(ii) The angle of incidence is equal to the angle of reflection i.e. 7; = Zr 
* More informations about the reflected ray : 
(i) Due to reflection, wavelength of the wave and velocity of the wave remain unchanged. 


(ii) If the reflector be rigid and fixed the reflected wave will be of o 
the incident wave i.e. the reflected wave will be 180° out of phase. So, 


the compression will be reflected as rarefaction. Similarly in the case 
reflected as trough. 


pposite phase with respect to 
in the case of longitudinal wave, 
of transverse wave, the crest is 


(iii) If the second medium is rarer than the first medium 
So, now the compression of the longitudinal wave will be re 
transverse wave will be reflected as crest. 


, there will no phase change on reflection. 
flected as compression and the crest of the 
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3.19. Reflection of sound wave : 


Sound travels through a medium in the form of a wave. So, similar to light wave sound wave can 
also be reflected. Now, wave length of sound wave is much longer than wavelength of light. Wavelengths 
of audiable sound ranges from 1-5 cm to 16 m. But wavelengths of visible light wave lie within the ranges 
from 4000 A? to 8000 A?. For this reason, for the refleciton of sound wave much larger surface is 
required than for reflection of light wave. Also very smooth surface is required for regular reflection of 
light wave than the case of sound wave. 


* Demonstration experiment : 


(A) Reflection at a plane surface : A plane reflector M is placed vertically on a harizontal table 
[Fig. 3.11]. Two hollow tubes A and B are placed horizontally in front of the reflector. The axis of the 
tubes meet at O on the reflector. The tube B can be turned horizontally about the point O. A wooden 
screens in placed between the two tubes. 


A source of sound (say, a table clock) is placed atfthe mouth of A and the ear is placed at the mouth 
of B to hear the ticking sound of the watch. The tube is turned slowly until the sound in heard loudly 
and clearly. Due to the presence of the screen the sound of the clock is not heard directly. The sound 
is reflected at O and reaches the ear of the observer. It is found that the sound is not heard if the tube 
is slightly displaced or slightly raised from the table. 


It means that the sound waves obey the law of reflection. It is found by actual measurement that 
the angle-which the incident ray makes with the normal at O on the reflector is equal to the angle which 
the reflected ray makes with the normal. 


[9] 
M 
A B 
Clock Screen. Observer 
S 
fig. 3.11 fig. 3.12 


(B) Reflection at the curved surface : Two large concave reflectors M, and M, are placed co- 
axially and facing each other [Fig. 3.12]. A source of sound (say, a watch) is placed at the focus of the 
reflector M,. The ticking sound of the watch after reflection by both the mirrors is clearly heard when 
the ear is placed at the focus of the reflector M,. If the position of either of the reflector or the ear is 
shifted the sound is not heard. 


e Explanation : As the watch is placed at the focus of the reflector M}, the sound waves from the 


watch after reflection by M, will proceed as a parallel beam towards M,. After reflection by M, the sound 
waves will converge towards the focus of M. So the ticking sound is heard distinctly at the focus of M,. 


3.20. Practical application of reflection of sound : 


(i) Speaking tube : The speaking tube is actually a metal tube [Fig. 3.13]. The action of the tube 
depends on multiple reflection of sound. When words are 


spoken at one end, it is heard clearly at the other end. The 
JOXGOOOOXOXXX29 sound reaches from one end to the other end by multiple 
reflection. Evidently, the energy of the wave remains 

fig. 3.13 confined within the tube. 
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The stethoscope used by doctors to examine the chest of a patient also works on the principle of 
multiple reflection. 


(iv) When we speak in a room, due to multiple reflection at the walls: and floor and roof, the 
intensity of sound increases. 


Similarly when one speaks in a large hall, sound is heard for a longer time due to multiple reflection. 
It is known as reverberation. 


3.21. Echo : 


The phenomenon of echo is a familar example of reflection of sound by an obstacle. When sound 
returns back after reflection from an obstacle and is heard distinctly as repetation of the original sound, 
it is called echo. So echo is the reflected sound. 


Distant extended surface such as wall, tall building, cliffs, hillsides, a row of close trees etc. can act as a 
reflector for the production of echoes. For hearing echoes the reflector must be at a certain minimum distance. 


* Minimum distance of the reflector : 


Reflected sound forms echo. But all reflected sound can not be heard as echo. There must be a 
minimum time interval between the hearing of original sound and reaching the reflected sound from the 
reflector to the ear. 


(i) Sound of short duration : When a sound is heard, its impression persists in our hearing 
mechanism for about 0:1 sec. This time intervals is called persistence of hearning. Within this time 
interval if similar sound enters into our ears we can not hear it separately. Hence to hear the echo of a 
sound distinctly, the time interval between the original sound and the reflected sound must be at least 
0:1 sec. Hence the minimum distance between the observer and the reflector should be such that the time 
taken by the sound for its journey to the reflector and back to the observer is at least 0.1 sec. Hence to 
hear echo, the sound must take at least 1/20 sec. to go from observer to the reflector. 


Now, the velocity of sound in air is 340 m/s. Hence to hear the echo of sound of short duration, the 


minimum distance of the reflector is EA 340 = 17 m. For this reason, echo is not heard in a small room. 


(ii) Articulate sound : In.our previous discussion we have considered sound of short duration, for 
example : sound of clapping, sound of cracker, sound from a gun etc. But to hear the echo of articulate 
sound i.e. the sound of conversation of human beings, the reflector should be situated at a still greater 
distance to hear its echo. It is so because a person can not pronounce more than 5 syllables distinctly 
in one second, and. ear can not recognise them if more than 5 syllables are pronounced in one second. 
If a person utters a single syllable (say, a) he will be able to hear the echo distinctly, if the reflected sound 
returns after 1/5 sec. So, the reflector must be situated at the minimum distance of 34 m (because in 
1/10 sec. sound travels 34 m]. Similarly to hear the echo of disyllabic sound (say, ab) or to hear the echo 
Of tri-syllabic sound (say, abc) the minimum distance of the reflector should be 68 m or 102 m. 


* Multiple echo : Let two reflectors are situated at a separation at least 34 metres. If an observer 
remains standing at a point between the reflectors, he will be able to hear a series of echoes. Here sound 
reflected by one reflector is again reflected by other reflecter and so on. Due to multiple reflection of 
a single sound series of echoes are heard. However, due to energy absorption at each reflection, the 
successive echoes will be more and more feeble. 

3.22. Practical application of echo : 


(i) Determination of distance : The distance of an object (e.g. a hill) situated at a large distance 


can be determined by the echo method. Obviously the distance should be greater than the minimum 
distance to hear echo. 
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The observer makes a sharp sound (say, by firing a pistol) and immediately he starts a stop watch. 
On hearing the echo from the distant hill, he stops the watch. 


Let the time interval between the original sound and the reflected sound be / and velocity of sound 
in air be V. Then the distance of the hill is 


e Determination of velocity of sound : We can also determine the velocity of sound by the 


equation (i). Here V = Eo 


So, if the distance of the hill or reflector is known, the velocity of sound in air can be determined 
fairly accurately. 


A Echo depth sounding : Echo has been used to measure the depth of a sea. 


To measure the depth of a sea, a hydrophone H is kept under water at 
the end of a ship [Fig. 3.14]. A small amount of explosive is kept at S under 
water at the same level from the other end of the ship. After the explosion 
the hydrophone receives two sounds, because there are two possible ways of 
the sound reaching H from S. One is direct from S to H and the other is from 
S to O at the bed of the sea and then to H, by reflection. 


Let after explosion at S, the hydrophone receives two sounds after the 
times ¢, and £. The time /, and 7, are measured electrically. Let v be the 
velocity of sound in water. 


fig. Y 14 
SH = vt, and SO «OH =vf, or, s0-2 [SO = oH] 


"hz OA - (so) - -(SA) t€ aie p SA =ŻsH 


If the explosive or the hydrophone be at a depth x, then a depth of the ocean is 


v 
D-xeh-xt7 men 


(iii) Determination of height of an aeroplane from the ground : 
The height of a flying aeroplane can also be determined by the echo method. 


Let an aeroplane is flying horizontally at a height / from the ground. It is moving along the path 
AB with a velocity v. When the plane is at A, a sound is produced and its echo is received at B after 
a time t. [Fig. 3.15] 

Evidently, the time taken by the plane to travel ACB is the c 
same as the sound takes to travel the path AOB. 


ios] 


1 
AO*OB- Vr :AO-OB-- Vt [V = velocity of E 
sound in air] h 


1 I 
Again AB=vt ~. AC=CB= 2B zo [v = velocity of 


the plane] 


-h=0C = AO? -AC? ZA V? - fig. 3.15 


1 
2 
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* NUMERICAL EXAMPLES e 


Example 3.16. : A person fires a gun from a position between two parallel steep mountains and 
successively hears two echos one 1:5 sec and the other 2:5 sec after firing. What is the distance of 
separation between two mountains ? Given, velocity of sound in air = 345 m. [H.S. 1995] 


Solution : Let the distance of one mountain from the person be x metre and the distance of the other 
mountain from him — y metre. 


"The man hears the first echo after 1:5 sec. 
2x j 3V 3x345 


Deus =—= 
V BR APR 

The sound is also reflected from the second mountain. The second echo is heard after 2:5 sec. 

JD ERR A aa hat 
MEA 4 ) 

<. The distance between the two mountains = 258-75 + 45125 = 690 m. 


Ex. 3.17. : A person while running towards a cliff with a speed of 4 m/s, fires a gun when he 


is at a distance 24 km from the cliff. When and where he will hear the echo, if the velocity of sound 
be 330 m/s. 


Solution : Let the person fires the gun at A. So AO = 2400 m. hill 
Let the person hears the echo after ¢ sec. at B. 
“ AB=vt=4t m +. BO =(2400-vr) A p k 
If the velocity of sound be V ms"! [e— ——— 2400 m——>| 
2400 + 2400 — vt = Vt 
or, 4800 —4t = 330t [v 2 4 ms", V = 330 ms:!] Fig. 3.16 

(T. 14-37 sec and 


BO = 2400 — 4x1437 = 23425 m 
Ex. 3.18. : A sharp sound is made in front of hill and echo is heard after 3-2 sec. On approaching 
further by 66 m, another Sharp sound is made and echo is heard after 2:8 sec. Calculate velocity 
of sound and distance of the hill. 
Solution : Let velocity of sound — V ms"! and distance of the hill = d metre. 
In the first case, echo is heard after 32 sec. 
ZU A Une rdc comes niin A (i) 


in the second case, distance of the hill = (4 — 66) m 
ne Ie GI) EOI SV ME EAR US IM (ii) 


=——-=— ..d=528 
d 32 .8 
«<. distance of the hill = 528 m and 


2x528 


velocity of sound, V = = 330 ms! 


sound = 330 ms“; 
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E Solution : In fig. 3.17 AB and CD are the two rows of buildings. 
The man gives the horn at O. After 1 sec, when the car is at O, the 
echo is heard. Speed of the car is 10 ms. 


- OO, = 10 m and OF = 5 m 
Also OE - distance travelled by sound in 1/2 sec. — 165 m. 


D 4 EF= JoE? -OF = Jes? -5 = 27200 = 164.9 


-. Distance between the two rows of building = 2x164:9 = 329:8 m 
The second echo will be heard 2 sec. after the man sounds the horn. 
Ex. 3.20. : A gun is fired on a seashore in front of a line of cliffs. A man standing 300 ft away 


from the gun and equidistant from the cliffs notices that the echo takes twice as long to reach him 
as does the direct report. Find the distance of the gun from the cliffs. |J.E.E. 1999] 


Solution : In fig. 3.18, AB is the row of cliffss G and M are respectively the position of gun and 
the man. So, GM - BM - 300 ft. The reflected sound takes double the time as required by the direct 
sound to reach the man from the gun. 

:. GO + OM = 2: GM = 600 ft 


Fig. 3.17 


From the triangle GOM, A o 
GM? = GO? « OM? =2-GO-MO-cos 20 i AN 
2 2 i 0:0 
<. GM? = (GO « OM). -2-GO-OM-(1+cos 2 0) xi i 
= (GO  OM)' - 4:GO-OM : cos? 0 ; De 
i 
= (GO+0M)? - 4(GOcos 8) (OM -cos 8) zi 
Here GO-cos0 =x and OM cos 0 = 300 300 ft iM 


7. GM? = (600) - 4x x 30 

<. GM? = (600) —4-x-300 Fig. 3.18 

x. (300)? = (600) -1200x ~. x = 225 ft. 

Ex. 3.21.: A man is beating a drum at a certain distance from a hill. He finds that if the 


beating rate be 40 per minute echo cannot be heard distinctly. He moves towards the hill by a 
distance of 90 m. Now echo cannot be heard when the beating rate is 60 per minute. Calculate 


(i) initial distance of the man from the hill and (ii) velocity of sound. [LLT.] 
Solution : |f the sound of beating the drum coincides with the reflected sound, then the echo will 


not be heard. 
Let initial distance of the man in the first case from the hill = x metre 


and velocity of sound = V m/s 


, f 60 
So, in the first case, time interval between two successive sound is 4 X 1-5sec 


when the echo is not heard clearly, 2x = 15 V....-.----- (i) 


60 
In the second case, the time interval between two successive sound is fy TU =] Sec. 
I(EN AEV yde Ie ne (ii) 
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2(x-90) 2 


from equation (i) and (ii), ox $ or, x - 270 m 


From equation (i), 2x 270= iv - V 2360 m/s 


3.23. Refraction of Waves : 


When a progressive wave falls on the interface of two homogeneous medium, a part of the wave 
enters into the second medium when its velocity and wavelength change. If the wave is incident obliquely, 
its direction of motion also changes in the second medium. This phenomenon is called refraction. 
However, the frequency of the wave does not change due to refraction. 


H N 
In fig. 3.19, PQ represents the surface of separation of the i ? 
two media. The ray AO is the direction of the incident wave. i 
It is incident at O on the refracting surface PQ at angle of (1) 
incidence i. j ə P O Q 
i Surface of 


The ray OB gives the direction of refracted wave where 


' separation 
the angle of refraction is r. So, OB is the refracted ray. P 


ine 
* Laws of refraction : The phenomenon of refraction of N 
wave obeys the following two laws. 


(i) The incident ray, the refracted ray and the normal at Fig. 3:19 
the point of incidence lie on the same plane. 


(ii) The ratio of the sine of angle of incidence and the sine of the angle of refraction is a constant. 
sin i 


So, —— = y (a constant) p is called the refractive index of the second medium with respect to the first. 
sin r 


The second law is also known as Snell’s law of refraction. 


velocity of the wave in the first medium 


Again, u = - - = =2L 
velocity of the wave in the second medium v 
. Sini v 
‘sinr v 
(a) If v, > v, i.e. if the velocity of the wave in the first medium be greater than that in the second 
medium, then nni >l 
sin r 
oni»r 
So, the refracted ray will bent towards the normal. 
(b) If Y; > v, Le. if the velocity of the wave in the second medium is larger than that in the first 


medium then, 
sini<sinr or,i<r 
So now the ray goes away from the normal. 


3.24. : Refraction of sound : 
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We can show the phenomenon of refraction of sound by the following method. Here we show the 
refraction of sound wave by a balloon full of carbon-di-oxide gas. Behaviour of balloon: full of carbon- 
di-oxide placed in air is similar to that of convex lens of glass in air. It is due to the fact that density 
of carbon-di-oxide of greater than air. 

On the left side of the balloon a table clock is 
placed. Sound waves emitted by the clock are 
9 refracted by carbon-di-oxide and converge to a point 
on the left (Fig. 3.20). If ear is placed at the point 
of convergence ticking sound can be heard. 
Refraction of sound, however, has got very little 
important applications in our daily life. 


co, 
Fig. 3.20 


eAtmospheric refraction of sound : 
When sound wave passes through a medium, it sametimes gets refracted under different conditions. 
When temperature of the atmosphere changes with altitude, sound waves are refracted in air. Similarly 
due to variation of density of air layers, the sound waves will be refracted. 
[ (i) Effect of temperature variation : The velocity of sound in a medium depends on density of the 
| medium. Lower the density higher is the velocity of sound in the medium. During day time, the lower 
layers of air are at heigher temperature than those at higher levels. Hence density of air gradually 
increases with height. Consequently, sound wave travels faster near the ground than in upper layers. So, 
the sound waves will be refracted upwards i.e. the sound rays will be directed away fromt the ground 
[Fig. 3.21(a)]. Similarly during night when the upper atmosphere is hotter the sound rays will be reflected 
downwards i.e. towards the ground [Fig. 3.21(b)]. 


| W w Wi 
Cold Hot 
| "d 
Hot Cold 
W - original wave front (a) 1 (b) W, = reflected wave front 
Fig. 3.21 


So, at night sound from a longer distance will be heard much more clearly than during day time. 

(ii) Effect of wind blow : The velocity of wind in upper layers of air is greater than that at the 

bottom layers. The wave front of the sound waves will be bent towards the direction of the wind. So, 

| when the sound propagates in the direction of wind, the wave front bends downwards as shown in fig. 
3.22(a). Hence there will be concentration of sound waves near the surface. 


(a) 
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When the sound travels against the wind, the state of affairs will be as shown in fig. 3.22(b). Here 
the sound rays will be refracted upwards and cannot.reach sufficient distance on the earth's surface. 


* SHORT ANSWER TYPE QUESTIONS (With Answers) € 


Question 1. Tranverse waves can pass only through solids but longitudinal wave can pass 
through any medium. Explain. : 


Ans. For the propagation of transverse wave the medium must have the property to resist the 
shearing stress. So it must have rigidity. Only solids have this property. For this reason transverse wave 
can only pass through solids. 


On the other hand, for the propagtation of longitudinal waves, the medium must have (i) elasticity 
(ii) inertia and (iii) cohesion. Now any material medium have these three properties. Hence longitudinal 
wave can pass through any medium — solid, liquid or gas. 


» 
Q. 2. A sound wave passes from air to water. The angle of incidence at air and water interface 
is a, and angle of refraction in water is 05. Snell's law is applicable here. Explain to: show whether 


a, is either greater or less than Qo. |J.E.E. 1989] 
3 sina, v : í : 7 
Ans. From Snell's law, ———- =—, v, = velocity of sound in the first medium (air) and v= 
sina, v 
velocity of light in the second medium (water). It is found that Vy > Vy. 
Hence sin o, < sin a, a, <a, 


It means that angle of incidence is smaller angle of refraction. 


20 
Q. 3. Prove that the equation y =5 sc (TS! — X) em represents an equation of a progressive 
wave. 


Ans. The velocity of the progressive wave in the medium is v = 75 cm/s. 
If the displacement of the particle be y, at time (¢ + 1) sec at a distance (x + 75) m then, 
. 2n 
n5 sin [75(r +1)-(x+75)] =5 sin His -x]=y 


Evidently, the motion of a particle at a distance x cm at any time is same as the motion of another 


particle 1 sec. later at a distance (x + 75) cm. In this case disturbance of the medium travels 75 cm after 
I sec. 


So, the given equation represents the equation of a progressive wave. 


: Q. 4. When a progressive wave passes through a medium, the maximum velocity of a particle 
is V „and maximum acceleration f,,. Calculate amplitude and frequency of vibration of the particle. 


Ans. Assume that the equation of progressive wave be, y =a sin (ot — x) 
qu. : EL 

7. Particle velocity, V = ES wa cos (ot — x) 

"^ maximum particle velocity, V,,=@a.......... () 


dv ; 
Also acceleration of the particle, f Rode -o?a sin (wt — x) 


" maximum particle acceleration, f, — oa 
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r (oa) _ v2 Ge «130a. Pty 
-. Amplitude of vibration is a= =— and fre cy, n2 —— 2 2— ——— = — n». 
i ola f, SLi 2r 2n wa 2r V, 


Q. 5. The equation of a wave flowing through a stretched string is y = 3 cos (100¢ -x) cm. 
What is wavelength ? 


2n 
Ans. The general equation of progressive wave is y 7a SOS AY -x) 


Comparing this equation with the given equation we get 
2 
fr-mxcnÀ-2cm 
À 


-. This wavelength of the wave = 2 cm. 

Q. 6. Regular reflection of sound can occurs on a rough extended surface, but it does not occur 
in the case of light wave. Again, regular reflection of light can take palce from a small smooth 
reflector but sound is not reflected on such a small reflector. Explain. 

Ans. For reflecting a wave, the size of the reflector should be large compared to wavelength of 
the wave. Range of wavelength of audiable sound is from 1:5 cm to 16 m. But the range of wavelength 
of visible light is 4x10-5 cm to 8x105 cm. Evidently, the wavelength of sound is much greater than 
the wavelength of light. For this reason, small reflector can reflect light wave, but can not reflect sound 
wave. 

Again, for regular reflection to occur, the irregularities of the surface should be smaller than the 
wavelength of the wave. As the wavelength of light is very small, the surface should be very smooth for 
regular reflection of light wave. 

But wavelength of sound wave is very large. So regular reflection may occur even on a rough 
surface. 

Q. 7. A tuning fork of frequency, 480 Hz produces sound in air. What is the length of a 
compression during propagation of the wave. Give velocity of sound in air — 340 m/s. 


Ans. The length of a compression is equal to half of the wavelength. 


r 


Velocity of the wave, V = 34000 cm/s and frequency, n = 480 Hz. 


-. Wavelength, à = Na Mm. = 70-83 cm 
n 480 
~. length of a compression = 5 = “= = 35-42 cm 


Q. 8. The wavelength of a wave is 2 m. What is the phase difference between two particles 
situated 1 m apart. 

Ans. Phase difference, $ = = (Path difference) = xx = d =n rad 

Q. 9. What is harmonic function ? 

Ans. The funciton which can be expressed in terms of sine or cosine functions is called harmonic 


functions. 
Q. 10. The amplitude of a wave is 5 cm. What is the displacement of a particle at a distance 
Wax = 2/6 from the source at time t = T/3 ? 4 


5 Phy M@—50 
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: t Eee "DE AUI RT 
Ans. Displacement y — asin 2n(4-=) =5-sin (i-is sin i t cm 


-. Required displacement = 4325 cm. 


Q. 11. The displacement of a particle at a distance of 5 m from a vibrating source of time t 
= T/6 is lialf of the amplitude of vibration. What is the wavelength of the wave ? 


: t 
Ans. Let the equation of the wave be y=asin 2(£-2) 


À 

5E =asin2n Iras y DE sin 27 Li 

2 6T X 2 6 2 

VOI (2-3) == 2.24=60 cm, It is the wavelength. 

Q. 12. The time period of vibration of a source is 0:02 sec and the velocity of the wave is 400 
m/s. What is the phase difference between two points which are at a distance of 10 cm and 15 cm 
respectively. 

X 

Ans. The phase of a progressive wave is given by $; -2n (2-1) 

t 10 (ard 
2.0) =2n | —-— Spi nn 
$i ( 2) and 4 (4 2 


Sul 10 
<. Phase difference, ^6 76,0; -2nx—- dor... don sli L 2 rad 


XA X VT 400x0-02 4 


Q. 13. The equation of a transverse wave is Y = yo Sin an( -2), If the maximum particle 
velocity be four times the wave velocity show that à = in Vo. [I.I T. 1984] 
Ans. The given equation is y= y; sindn{ a -ž) 
UAM sin Ha f t-x) 


‘ MEZI 
Now, the general equation of a transverse wave, y —a:sin ANA -x) 


Comparing these two equations : a = yọ and wave velocity, v — Af 


-. Particle velocity, vp — 2 =2n f yg:cos an( 3 
«<. Maximum particle velocity, Vp = 27v; 


^. By question, 21fj 24M or, À= E 


1. What is a wave ? What are the different types of waves ? Give examples. 


A. Short Answer type Questions : 
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2. What should be the nature of the medium suitable for the production of longitudinal wave and transverse 
wave? 


3. In a gaseous medium longitudinal wave can propagate but a transverse wave cannot. Explain with reasons. 

4. What are the characteristics, of progressive waves ? 

5. What is the nature of sound waves. Can it propagate through vacuum ? Give reasons. 

6. When a wave enters from air to water, its wavelength changes but frequency remains unchanged. 
Why ? 

7. Longitudinal wave can travel through any medium, but transverse wave can travel only through solids. 
Explain. 

8. Regular reflection of light can take place on a brick wall but not in the case of light wave. Explain the reason. 

9. Light is reflected from a small mirror, but sound is not reflected. Why ? 

10. What is echo ? What should be the minimum distance of the reflector to distinctly hear the echo of a sharp 
sound? Given that the velocity of sound is 1120 fus. 

11. What property of waves proves that light waves are transverse ? 

12. What is echo ? How is it produced ? 


13. What is the difference between longitudinal and transverse waves ? Why do sound waves not undergo 
polarisation ? 


14. The ratio of the wavelength of incident wave and the wavelength of refracted wave in medium is equal 
to refractive index of that medium. Justify the statement. |J.E.E. 1985] 


15. What is meant by phase of a wave ? 


16. The equation of a progressive wave is. y =a sin(wt -0). What is the maximum velocity and acceleration 
of the particle ? 


17. What is the phase difference between (i) two consecutive crests (ii) one crest and the next trough ? 
3 [Ans. 0°, 180°] 


18. For refraction of sound wave water is considered as a rarer medium than air. Why gi 


19. A sound ray passes from air to water. Angle of incidence at the interface of air and water is a, and angle of 
refraction in water is ot. If the Snell's law applicable here, then a, is greater or less than a. Explain. [J.E.E. 1989] 


20. What is the minimum distance of the reflector to heat districtly the echo of disyllabic sound ? 
21. A transverse wave is travelling along a wire from left to right. C 


The shape of the string at any instant is an shown in fig. A, BCDE, B D 
F, G and H are the points on the string. In which points the velocity is H 
(i) upwards (ii) downwards (iii) zero (iv) maximum. A E 
[Ans. (i) D, E, F (ii) A, B, H (iii) C. G (iv) A, E, H] F G 
22. Distance sound can be heard very distinctly at night than during fig. 323 


day time. Explain. 
23. For refraction of sound rays balloon filled with carbon-di-oxide and a balloon filled with water behaves 
as what type of lens ? 


24. What is reverberation of sound ? 
25. Will total reflection of sound rays take phase when it passes from water to air ? 


B. Essay type Questions : 
1.(a) What is wave ? How it is produced ? What we mean be longitudinal wave and transverse wave ? 
(b) What is elastic wave ? Give examples. 
2. What is progressive wave ? Extablish the equation of-progressive wave ? 
3. (a) What are the characteristics of progressive waves ? 
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(b) Define the following quantities related to a wave : (i) Amplitude, (ii) frequency, (iii) velocity, (iv) phase, 
(iv) wave front. 


4. What is a wave ? Deduce the relation between the frequency, velocity and wavelength of the E What 
is the differencle between longitudinal and transverse waves ? [H:S. 2000] 


5. (a) What is echo ? What minimum distance is to be maintained between the source of sound and the reflector 
to hear the echo of mono-syllabic sound ? (Velocity of sound in air = 332 m/s) 


6. (a) What is meant by refraction of wave ? 
(b) Describe an experiment to show the refraction of sound wave. 
(c) Why sound from a distant source can be heard at night more districtly than during day time. 
7. Describe a method to determine the velocity of sound in air ? 
8. Describe how we can determine the depth of a sea and the height of an aeroplane. 
C. Simple Numerical Problems : : 
1. The wavelength of a progressive wave is 1:5 m and time period 1/200 sec. Calculate its velocity. [Ans. 300 m/s] 
2. The equation of a progressive wave is y — 15 sin(660nt — 0-02nx) cm. Find the velocity of the wave. 
[Ans. 330 m/s.] 
3. The wavelength of a wave is 5000 A and its velocity in a medium is 3x108 m/s. Calculate its frequency. 


How many waves can be accomodated in a length of 1:5 cm. [Ans. 6x10!4 Hz ; 3x104] 
4. The frequency of two tuning forks are 150 Hz and 450 Hz. Calculate the ratio of the wavelengths of the 
waves produced by these forks in air. [Ans. 3 : 1] 


5. Two vibrating tuning forks of frequencies 50 Hz and 100 Hz touch the surface of water, and produce waves 

of wavelengths 0-6 cm and 0:36 cm respectively in water. Compare the velocities of the two surface waves. 
[Ans. 5 : 6] [J.E.E. 1998] 
6. A body vibrating with constant frequency produces a wave of wavelength 10 cm in medium A and a wave 
of wavelength 15 cm in medium B. If the velocity of the wave in medium A be 90 cm/s. What will be the velocity 
of the wave in medium B ? [Ans. 135 cm/s] 
7. The frequency of a tuning fork is 512 Hz. The time during which the fork makes 30 oscillations, the sound 
in air travels 20 m. Calculate the velocity and wavelength of the wave in air. JAns. 34133 ms! ; 0:67 m] 


, 


8. The wavelength of a wave on water surface is 3:7 m. The velocity of the wave in water and in air are 
respectively 1480 m/s and 350 m/s. Calculate frequency and wavelength of the wave the air. [Ans. 400 Hz, 87:5 cm] 

9. The velocity of a light wave is 3x108 m/s and wavelength 5893 A? 

(i) What will be the velocity of light in water. Refractive index of water is 1:33. 

(ii) What will be the frequency of that light in water ? [Ans. 225 x 108 mis, (ii) 5:09 x 1014 Hz] 


10. Wavelength of a sound wave in glass is 175 cm. What will 


be its wavelength in air ? Velocity of sound 
in glass is 5250 m/s and in air it is 330 m/s. 


[Ans. 11 cm] 
11. A progressive wave is moving along —ve X-axis. If its amplitude be 0-01 m, frequency 550 Hz and velocity 


330 m/s, obtain its equation. [Ans. y — 0-01 sin 10r (nos) 


hat is the phase difference between two points whose separation 
[Ans. 0:41 rad] 


0-027x) cm. Calculate the frequency and velocity 
[Ans. 330 Hz ; 330 m/s] |J.E.E. 1986] 


12. The wavelength of a wave in 50 cm. Wi 
is 10 cm ? 


13. The equation of a progressive wave is y 7 I5 sin(660n; — 
of the wave. 


14. The equation of a progressive wave is ¥=a sin| 2000: — = 


5]. Here ¢ is in sec ; y and x are in cm units. 
Calculate (i) Wave length, (ii) velocity, (iii) frequency, (iv) phase difference between two points 1-8 m apart. 


[Ans. (i) 34 m, (ii) 340 m, (iii) 1000 Hz, (iv) 101/17 rad] 
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z x 
15. The equation of transverse wave is Y = Yo sin 2x (2-2). If the maximum particle velocity be 4 times 


x : 
the wave velocity. Show that 4 xis ae ILLT. 1984] 


16. A wave is propagating along negative X-axis with the vibration along Y-axis. Its amplitude, frequency and 
wavelength are respectively 10 cm, 500 Hz and 100 cm. What is the equation of the wave. 


" x 
[Ans. y= 10 sin 2a(so0r + 2) cm] [J.E.E. 1990] 


17. The equation of a wave is y = 0-5 sin (0-01x — 3r) where y and x are in metre units and time £ is in sec. 


Calculate wave velocity and maximum particle velocity. [Ans. 300 m/s ; 1-5 m/s] 
18. Obtain the equation of the progressive wave which is travelling along positive x-axis. Given its amplitude 
0:05 m, velocity 200 m/s and frequency 50 Hz. [Ans. y= 0-05 sin 21(50t — 0-25x) m] 


19. The equation of a progressive wave is y — 8sin 2z(0-628x — 12-561) . Here y and x are in metre and ¢ 
is in sec. Calculate : (i) amplitude, (ii) frequency, (iii) wave velocity, (iv) phase difference between two points which 
are at a separation of 2:0 cm. [Ans. (i) 8 cm, (ii) 2 Hz, (iii) 20 cm/s, (iv) 72*] 

20. A wave is travelling along X-axis with a velocity of 30 cm/s. Its amplitude is 3 cm and wavelength 15 


cm. If the time is counted when x = 0, obtain the equation of the wave. [Ans. y=3 sin axo -&) cm] 


21. The equation of the two progressive waves travelling along X-axis are y=10 sin 2n(6r — 0-25x) : 

y = 10cos 2n (6r — 0-25x) , Calculate : (i) frequency, (ii) velocity, (iii) phase difference between the two waves. 
[Ans. (i) 6 Hz, (ii) 24 m/s, (iii) 1/2] 
22. What should be the minimum distance between the source of sound and the reflector so that the echo of 
a trisyllabic sound can be heard distinctly ? Velocity of sound in air is 330 m/s. [Ans. 99m] [H.S. 2002} 
23. The equation of a progressive wave is y — 2-5 sin(800r — 0-82x) . Calculate : (i) phase difference between 
two points which are at a separation of 20 cm along X-axis, (ii) change of phase at a point during a time interval 
03x107 sec. [Ans. (i) 164 rad, (ii) 0:24 rad] 
24. The distance between two points of a stretched string is 10 cm. The frequency and velocity of a wave 

travelling along the wire are 500 Hz and 100 m/s. Calculate the phase difference between these two points. 

[Ans. x rad] 


2 2 
25. The equation a travelling wave is y = 20/3 sin[or A). Calculate the displacement of the particle at 
x= A/6 at time ¢= T/3. [Ans. 30 cm] 
26. A progressive wave is travelling along negative X-axis. Its frequency is 25 Hz, amplitude 2:5x10-5 m and 
initial phase zero. Calculate the phase difference at any time between two points which are 6 m apart along the wave 
propagation. [Ans. = x rad] [L.I.T. 1997] 
27. The amplitude of a progressive is 10 cm, frequency 20 Hz and velocity 330 m/s. Obtain its equation. 


[Ans. ¥=0-Isin 400 ss a m] 


28. The amplitude of a wave is 0-01 m, wavelength = 0-1 m and time period 0:01 sec. Obtain the equation of 


the wave. [Ans. y - 0-01 sin 2n{ 100 E x) m] 


29. Frequency of a tuning fork is 200 Hz. The velocity of the wave produced by the fork in the medium is 
320 m/s. Calculate its wavelength and period. What is the phase difference between two points which are at a separation 
of 40 cm along the path of the wave ? [Ans. 160 cm, 0:005 sec ; 1/2] 
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30. The equation of travelling wave is y=2 sin 2t +z] cm. Calculate : (i) change of phase of a particle 


at a time interval of 0:5 sec, (ii) phase difference between two points at any time which are at a separation of 16cm. 
[Ans. (i) 90°, (ii) 180°] 


31. A sound is produced at some distance from the hill. The echo is heard after 1 sec. If the velocity of sound 


in air be 340 m, Calculate the distance of the hill. [Ans. 170 m] 
32. What is the minimum distance between an observer and the reflector to hear the echo of a sound of 5 
syllables? Velocity of sound = 1120 ft/sec. [Ans. 560 m] 


33. Two persons A and B are standing on a line which is perpendicular to the length of the hill. A is near the 
hill and B is at a distance of 825 ft from A. If A fires a gun, he hears the echo after 1 sec. But if B. fires a gun, 
A hears the echo after 1:75 sec. Calculate the velocity of sound in air and the distance of A from the hill. 

[Ans. (i) 1100 ft/sec ; (ii) 550 ft] 

34. A man fires a gun standing at a point in between the two parallel cliffs. He hears two successive echos 
after 3/2 sec. and 5/2 sec, Calculate the Separation between the hills. After what time he will hear the third echo ? 
Velocity of sound = 350 m/s. [Ans. 700 m ; 4 sec.] 


35. The driver of a car while moving towards a hill fire a gun when he is at a distance of 3 km from hill. The 
speed of the car is 5 m/s and that of sound in air = 340 m/s. When and at what distance from the hill will the driver 
hear the echo ? [Ans. After 174 sec ; at a distance 2913 km] 

36. Some explosives are kept at a depth x from the surface of water in a sea. At the same level a hydrophone 
is placed at some distance from the position of the explosives. Two sounds are recorded by the hydrophone at time 


z al RS K s 
4, and £5. Show that the depth of the ocean is SE 12 -tf where v = velocity of sound in water. 


D. Harder Numerical Problems : 


1, The equation of a progressive wave is y=0-25x 107. sin (500 — 0-025x) . Here y and x are in cm and 
t is in sec. What are its frequency and wavelength ? Calculate also the maximum velocity and acceleration of a 
particle of the medium. [Ans. 796 Hz ; 251:2 cm ; 125 cm/s : 625 cm/s?] 
2.A man is running towards a hill at a speed of 4 m/s. When he is ata distance of 2 km from the hill he fires a gun. 
If the velocity of sound in air be 330 m/s, when and where he will hear the echo. [Ans. 11:98 sec ; 1-952 km] [J.E.E. 1986] 


3. The equation of a Progressive wave is y — 0-1 sin| 200r — x zn Here x is the distance from the origin. 
What is the phase difference between two points situated at a distance of 25 cm and 110 cm from the origin ? Obtain 
the equation of another progressive wave whose amplitude and frequency are double of the first wave. Also the wave 


is travelling in opposite direction of the first wave. [Ans. 1; »-0-2 sinf 400% *200m zh 


4. Bulk modulus and density of iron are 80 times and 5 times the corresponding quantities of water. Calculate 
velocity of sound in steel. Given, velocity of sound in water in 1493 m/s. [Ans. 5932 m/s] [J.E.E. 1995} 


along the direction of Propagation of the wave. Also calculate the difference of amplitudes at these two points. 
[Ans. 7 rad ; 0 (zero)] [LLT. 1997] 


? " x 3 x 
6. The two progressive waves Xi =a sin of: RS ) and ¥2 =a sin of +2) are travelling along positive and 
v 


negative X-axis respectively. Calculate their time period and Space period ? [Ans 27/0 ; 2nx/o] [L.I.T. 1983] 
TA string 25 m long has mass of 0:5 kg. A 10 m long specimen of the string is stretched by 5 kg-wt force. 
How long will the transverse wave take to travel the length of the string ? [Ans. 02 sec.] 


———— 


SOUND WAVES 


TOPICS : Sound is an elastic wave ; Mechanism of propagation of sound waves ; 
Velocity of sound wave ; Velocity of sound in gases ; The effect of various factors 
on velocity of sound in air ; Newton's formula and Laplace's correction ; Doppler 
effect ; Doppler effect in the case of light waves ; Examples. 


4.1. Introduction : 


When a body vibrates with suitable frequency and amplitude, longitudinal waves are produced in 
air. If the frequency of this wave lies in the range of 20 Hz — 30 KHz, it is audiable. It produces sensation 
of hearing, when falls on the ear. So, sound is a mechanical form of energy generated by the vibrating 
body. Sound energy is not an independent form of energy like heat energy or electric energy. The 
longitudinal waves having frequencies below and above the audiable range are called infrasonic and 
ultrasonic waves respectively. Although these waves do not produce sensation of hearing still they are 
identical to the audiable sound waves. Any vibrating body may behave as a source of sound. 


The specialised study of sound waves is called acoustics. Acoustics is a large field of study and 
includes such topics as noise, musical Scale, acousties of building, pitch and loudness, Doppler 
effect etc. 

4.2. Sound is an elastic wave : 


Sound is a form of energy. It is produced by a vibrating body and propagates through a material 
medium in the form of waves which on reaching our ear produces sensation of hearing. 

From the study of various properties of sound we conclude that sound propagates through a medium 
in the form of waves. Now sound waves can travel through a gaseous medium like air. As only longitudinal 
waves can travel through a gaseous medium and not transverse waves, it follows that sound waves are 
longitudinal. 

A source of sound is always in a state of vibration. A vibrating body may be solid, liquid or gas. 
If the vibration stops, emission of sound also Stops immediately. For example, when a tuning fork is 
Struck, sound is produced. If we now touch the fork we feel the vibration and no further sound is 
produced. So only vibrating body can produce sound. 


* Evidences to show that sound propagates by wave motion : 


(i) For producing waves, a disturbance must be created in the medium. This is also true in the case 
of sound. Sound is produced only when a body vibrates. 


(ii) For the propagation of sound from one point to another, a medium is necessary. In the process, 
the medium is not displaced. Such is the property of wave motion. 


(iii) Like any other waves, sound travels through a medium with definite velocity. This velocity is 
greater in solids and liquids than in gases. 


(iv) Like all waves sound exhibits reflection, refraction, interference and diffraction. 


(v) Sound can travel through a gas. This property and the fact that sound can not be polarised show 
that sound waves are longitudinal. 
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(vi) Sound waves can be photographed. 

We, therefore, conclude that sound propagates through a material medium by longitudinal wave 
motion. 

4.3. Mechanism of propagation of sound waves : 


A vibrating body is a source of sound. Sound waves travels through the surrounding medium as 
longitudinal waves. Alternate compression and rarefaction of the medium takes place during propagation 
of sound waves. So, the medium must be elastic. For this reason, sound waves are called elastic waves. 


Moreover, for the propagation of waves the particles of the medium must have the property of 
inertia. Suppose, any part of a medium is, compressed due to increase of pressure. With the release of 
pressure, due to elastic- property, the particles of the medium return to their initial position. But due to 
inertia, they will overshoot the initial position and 8o equal distance in the opposite direction. Now, there 
will be a rarefaction. To understand the mechanism of propagation of sound in air we consider a vibrating 
turning fork as a source of sound. . 


Fig. 4.1 shows how a vibrating tuning fork sends out a sound waves. As the right prong ‘O’, moves 
periodically to and fro the column of air in front of the prong is imagined to be divided into equisposed 
layers [Fig. 4.1(i)]. When the prong moves forward [Fig. 4.1(ii)], it compresses the layer of air in front 
of it. This disturbance is transmitted from layer to layer through air till the prong reaches ‘a’. The 
compression passes through the medium with definite velocity. This velocity depends on elasticity and 
density of the medium. 

During the reverse movement of the prong ‘O’ o 
partial vacuum will be produced behind it. Air being 
elastic the layer in contact with the prong rushes | | | | | | | | | | | | | | | | | G) 
behind to fill up the vacuum and a rarefaction is thus 
produced among the layers in contact with the prong. O a5 
So a pulse of rarefaction is created during this half ‘| | | | | | | | | | | | | | (ii) 
of vibration of the prong [fig. 4. (iii). : 


Hence, during a complete vibration of the prong, b e 


a compression and a rarefaction are created, whose — "4 
lengths are equal because each is created in half the Ne | | | | | | | | | | | | | (ii) 
vibration, As long as the fork vibrates,pulses of R 
compression and rarefaction move outward through 
the air, keeping their respective position unchanged. Fig. 4.1 
When such longitudinal wave consisting of compression and rarefactions reach the ear, one hears the 
sound. 

4.4. Velocity of sound wave : 


Sound waves travels through a medium (solid, liquid or gas) with a definite velocity. The velocity 
of sound varies greatly from medium to medium. Sound travels faster is solids and liquids than in gases. 
Also the velocity of sound in any material medium is much smaller than the velocity of light. For 
example, the sound of thunder is heard after few Seconds since the flash of lightning is actually seen. 


From theoretical consideration; Newton had shown that the velocity of logitudinal e| 
à homogeneous elastic medium is given by 
E 
V= 
DES aN S R EE Me ITI D (4.1) 


when E = elastic modulus of the mediùm and p = density of the medium. 


lastic wave in 
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(i) When longitudinal waves travels through a thin rod or wire, the effective modulus of elasticity 
is Young's modulus. Hence the velocity of sound in a wire is given by 


MES E aes Pe aid (4.2) [Y = Young's modules of the material of the rod or wire.] 


For example, for steel Y=2x10''N/m?, p=7-6x10? kg/m? 


| n 
V= poor -5130 m/s 
7-6x10 


This velocity is about 15 times more than the velocity of sound in air. 
(ii) In case of liquid and gas bulk modulus K of the material has to be used. So, velocity of sound 
in a fluid is given by 
Vaal 
p 


For example, for water K=2-2x10° N /m^, p=10 kg/m? 


9 
m - = 1483 m/s 


So, the velocity of sound in a liquid is less than velocity of sound is solid. 


4.5. Velocity of sound in gases : 


In general, the velocity of longitudinal waves or sound waves,in gas is V = E ; K = bulk modulus 
P 


of the gas and p = its density. 

(i) Newton's formula : When sound waves travels through a medium a train of compressions and 
rarefactions flow through the medium. During compression, temperature of the layer rises and at the 
rarefaction the temperature of the layer decreases. Newton assumed that compression and rarefaction of 
layers takes place slowly so that the heat generated in a layer due to compression is transferred to the 
adjoining layers before the next rarefaction starts in the layer. Similarly for the cold produced in a 
rarefaction is'fully compensated by heat flowing in from the surrounding volume of the gas. Consequently 
the temperature of the layers remains unaltered. According to Newton, therefore, propagation of sound 
through gaseous medium takes place under isothermal condition. So pressure-volume change obey 
Boyle's law. 

Under isothermal condition the bulk' modulus of the gas equals its pressure. 

Proof : Let us consider a given mass of a gas under a pressure P and having a volume V. Let the 
pressure of this mass of air be increased by a small amount p and let the consequent diminution in 
volume be v. According to Boyle's law 

PV = (P + p) (V - v) 
= PV + pV - Pv - pv 
. pV = Pv[ - pv is negligible] 
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* Alternative proof using calculus : Boyle's law gives PV — constant. Differentiating 
P dy * V dp 7 0. 


dP _ Volume stress _ 
~~ dV/V Volume strain 
The negative sign shows that with increase of pressure, volume decreases. Hence the velocity of 


sound is gaseous medium is 


* Velocity of sound in air at NTP by Newton’s formula (4.4). 


Normal pressure , P = 76 cm of Hg — 76x 13-6x 980 dyne/cm? =1-013x 10* N/m? and density 
of air p — 0-001293 g/c.c. 


6 
Dem = 28000 cm/s = 280 m/s 
0-001293 


The calculated value of velocity of sound in air differ widely from the experimental value which 
is nearly 332 m/s. 


(ii) Leplace's correction of Newton's formula : The difference between the calculated value of 
velocity of sound in air and the experimentally observed value was first explained by Laplace. He pointed 
out that during propagation of sound waves compression and rarefaction take place rapidly. As air is a 
bad conductor of heat, rise or fall of temperature during compression or rarefaction, heat cannot flow 
quickly from the heated to the colder layers. Consequently, propagation of sound waves takes place under 
adiabatic condition. Hence instead of Boyle's law, the adiabatic equation PVY = constant should be 
applied, where y is the ratio of two specific heats of the gas. 


Let the initial pressure and volume of a certain mass of air be P and V. If the pressure increases 
adiabatically by a small amount p and consequently volume decreases by a small amount v then 


» d 
PV! -(P&p)(V-v)' =(P+p) v(-z) eis) 


Pv pv 
P=P+ p-y—-y— 
D V Y V 
Quoc r> | fa ex is nesligibie| 
P 
.yP- = 
u v/V 


«© Bulk modulus K = pressure of the gas x ratio of two specific heats. 
* Alternative proof using calculus : pv’ = constant. 
Differentiating, V” dp+Py y 'dv=0 ` 


-dp 

“ Vdp+yp-dv=0 ~. yP= = 

p + Yp yl duy 

Hence the expression for the velocity of sound in air after Laplace's correction is 


yP 
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According to this formula, the velocity of sound in air is 


P 
v= Vy ns x280 m/s [y= 14 for air] 


< V= 332 ms! 

This value of velocity of sound agrees with experimentally determined value and therefore justifies 
Laplace assumption. 

4.6. The effect of various factors on velocity of sound in air : 

All factors which affect the ratio of pressure and density of air also affect the velocity of sound in air. 

(i) Effect of pressure : If the temperature remains unchanged, a change of pressure does.not change 
the velocity of sound, because at constant temperature P/p is constant, density being proportional to 
pressure. So, the velocity of sound in a gas is thus independent of pressure. 

(ii) Effect of temperature : When the temperature of a gas changes, its density also changes. 
Consequently, the velocity of sound in a gas will change. With increase of temperature, the density of 
a gas decreases ; hence the velocity of sound increases. Similarly, with decrease of temperature, the 
velocity of sound in air decreases. 

It can be proved that the velocity of sound in a gaseous medium is proportional to the square root 
of its absolute temperature. : 

VaT [T = absolute temperature] 


Proof : From ideal gas equation PV = nRT = DT 
M [M = molecular mass and 


. PV _RT or. REST ORE n P_RT m = mass of the gas taken] 
m M mV M p M 
-. Velocity of sound V = A Pr a Pos lagna rs Cee Ae (4.6) 


VaT 


Let corresponding to the temperatures 0°C and °C the velocities of sound in air be V and V,. Then 


Pie [oe 
Vo VT 


Now T, = 0°C = 273 K and T = PC = (273 + t) K 


1/2 
UT BELT -(e5) V= ws 5) Vo (13-0-001837) 
"o Y 273 27 227 


-332(14-0-00183/7) [Putting, Vy = 332 m/s] 
= (332 + 0:61 £) m/s 
Hence the velocity of sound in air increases by about 0:61 m/s or 61 cm/sec. for each degree Celcius 
rise of temperature. 
(iii) Density : Consider two gases having densities D, and D,. Pressure and temperature of the gases 
are the same and they are P and T respectively. If the velocities of sound in the gases be V, and V, 
respectively then, 


yP yP M D; 
voe, vus A sz ; 
1 D, 2 Da V; D, [Assuming the value of y be same] 
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So, the velocity of sound in a gas is inversely proportional the square root of density of the gas. For 
example if we want to compare the velocities of sound in oxygen and hydrogen 
Vi, [16 
Ve ever 
[as oxygen is 16 time denser than hydrogen under the same condition of temperature and pressure] 
Hence, under identical condition of temperature and pressure, sound travels four times faster in 
hydrogen than in oxygen. 


(iv) Humidity : With increase of humidity of air, the velocity of sound in it increases. The reason 
is that at the same temperature and pressure the density of water is about 0:625 the density of dry air. 
So, due to less density of moist air, the velocity of sound in it increases. 

Let V, be the velocity of sound in dry air at °C and at a pressure P and V, be the velocity of sound 
in moist air at the same temperature and pressure. It can be proved that 


P-0-378 
NAE. Vue [f= SVP at fC] 
* NUMERICAL EXAMPLE 


Example 4.1. : A stone is dropped into a well 44:1 m deep. Find after how much time will the 
sound of the splash be heard ? Velocity of sound in air 340 m/s. 


Solution : Time taken by the stone to reach the surface of water be t- Then 


wd Qh [2x441 
Rete? 2s Ste EO 5 
2 Bg edo rcs 


Next sound of splash will take time 1, to the observer above the wall. So 


44-1 
f= 0:13 
277340 ^od 


=4 


<. Total time = 3 + 0:13 = 3:13 sec. 


Ex. 4.2. : At 50°C the velocity of sound in a gas is 340 ms~'. If the pressure is doubled and the 
temperature is 125"C, what will be the velocity of sound ? 


Solution : The velocity of sound in a gaseous medium does not depend on pressure of the gas. But 
velocity will increase with rise of temperature. 


In this case Va yT ~. AARE 1. Vy = 340 398 = 377-41 ms"! 
v Yn V323 


7. The required velocity of sound = 377-41 ms"! 


Ex. 43. : A stone is dropped from the top of a tower and the sound of hitting the ground is 


heard Aat 4 sec. Obtain the height of the tower. Given the velocity of sound in air = 340 ms“! and 
g798 ms?, 


Solution : Let height of the tower = / metre. 
If the stone takes z sec to reach the bottom of the tower then, 


So, the sound of hitting the ground will take (4 — t) sec to reach the top of the tower. Then 
h= (4-1) 340 = 1360 -3407................. (ii) 
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From the equation (i) and (ii), 4.9 2 = 1360 — 340 7 
^. 49 È + 340 t — 1360 = 0. 


2 ^ 
E -340 + (340). +4 24-9 1360 _ SOUS 
9.8 
<. Height of the tower, 12 4-9 1? = 4-9x(3-79)' - 70:3 m 
Ex. 4.4. : Calculate the velocity of sound in copper. Given, density of copper is 86 g/c.c. and 
its Young's modulus 11-8x10!! dynes/cm?.  , 


< 


Solution : The velocity of sound in solid medium, V - .|— 
p 


| m 
MS ae 23.704 x10? cms"! = 3704x10? ms! 


<. The required velocity of the sound in copper = 3704x10? ms"! 


Ex. 4.5. : A person corrected his watch at 27°C by hearing the sound of firing at a fort at a 
particular time. He found that watch goes slow by 10 sec. If the velocity of sound at 0°C is 330 ms:!, 
calculate the distance of the person from the fort. 


Solution : The velocity of sound at °C is V = 330 (1 + 000183 4) 

^ V = 330 (1 + 000183x27) = 346305 m/s 

-. Distance travelled by sound in 10 sec, s = 346305x10 = 3463:05 m 

The watch is slow by 10 sec. It means that sound has takeri 10 sec. to reach the person from the fort. 
.. Distance of the person from the fast is 3463:05 m = 3463 km " 


Ex. 4.6. : The sound produced at the surface of sea water takes 4'5 sec to reach the surfac 
again after reflection at the bottom of the sea. What is the depth of the sea ? Given, compressibility 
of sea water  46x10-!! cm?/dyne and density = 1:03 g/c.c. 


Solutión : Evidently the sound produced at the surface of sea water takes 225 sec to reach the 
bottom of the sea. So the depth of the sea will be equal to the distance travelled by the sound in sea water 
during 225 sec. 


1 
Now, velocity of sound in water, V = E K = 435 10"! dynes/cm? and p = 1:03 g/c.c. 
| p : 


10! - 
V 2Q|[—— —— 21:452 x10 cm/s 
4-6x1-03 


<. Depth of the sea = 1:452x105x225 = 3267 m 

‘Ex. 4.7. : At what temperature the velocity of sound in air be double of the velocity of sound 

in air at 0°C ? 
Solution : We know Va AT. 2. Me x 
ST Syl 
27b. 
1 
Ex. 4.8. : At what temperature, the velocity of sound in air be 1% more than the velocity of 

sound at 27°C in air. 


L2 ^T, =4T, 24x273-1092 K = 819 °C. It is the required temperature. 
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Solution : If V, be the velocity sound in air at 27°C, then the velocity at the required temperature 
Vv, — 101 V, _ 101 
=—V, n =— 
100 100 M 


100 

: v [T T 10 S 
Now Va V DUE [e A m M01 XT, =300x(1-01)? = 306 K 
SRN Ee ela VT 300 100 ^? (ou 


^. The required temperature = 306 K = 33°C 


Ex. 4.9. : The density of hydrogen at NTP is 0:089 g/lit and y = 1:41. Calculate the velocity of 
sound in hydrogen at 90°C. 3 


Solution : If V, be the velocity of sound in hydrogen at 0°C. 


6 ) 
S yP Mil UE Pal = 1266-8 ms"! 
P 0-089 x 107 


nS ‘Velocity of sound in hydrogen at 90°C is 
V = 12668 (1 + 000183 4) = 1267 (1+0:00183x90) = 1475 ms! 


Ex. 4.10. : A man being at a distance of 1730 m from a gun hears the light and report of firing 


at an interval of 5 sec at 29°C. It atmospheric pressure be 76 cm Hg and the ratio of two specific 
heats be 1-41, calculate the density of air. 


Solution : Velocity of sound at 29°C is V = UE =350 m/s 


yP P 
Now, V= ng -. density of air, bum 


_ 1-41 1-013x 10° 


= 11710 g/c.c. [P =1-013x 10° dyne/em? | 
(35000) 


x 


Ex. 4.11. : At -173°C the velocity of sound in helium gas is 582 ms:!, 
Molecular weight of helium is 4, calculate its y. |R = 831x107 erg/mol°C] [J.E.E. 1998, 2000] 


Solution : The velocity of sound in a gas is, V = S 
VM j 
z V = 58200 cm/s, M = 4, R = 831x107 ergs/(mol*C), T = 100 K 
RT 
(58200)? x4 
ER ci — 1:63 
8-31x10° x 100 
Ex. 4.12. : The mass of one litre of hydrogen and 1 litre of air are 0:896 and 1:293 gm 
respectively at the same temperature and pressure. If the velocity of sound in air at that temperature 
is 330 m/s, what will be the corresponding velocity of sound in hydrogen ? [H.S. 1998] 


Ay 


Solution : We know V a : 


p 


Vi 
UTE ^VamVAJPA-— (y, = 330 ms Pq = 1.293 g/lit., p = 00896 g/lit 
Va Yen Pu A PA ey 5 PH g/lit.] 
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oe = 1253-6 m/s 


2. Vy = 330 


~. The required velocity of sound = 1253-6 ms? 


Ex. 4.13. : If the temperature of air is raised 10°C to 20°C, what is the percentage change in 
velocity of sound in it ? |J.E.E. 1997] 


: V. 
Solution: Va JT —- Ta = 93 sro riors 
vy VT V28 


ne 100 =0-0175x100 = 175% 
1 

^. Increase of velocity of sound = 175%. 

Ex. 4.14. : The velocity of sound in hydrogen is 1270 ms^!. When hydrogen and oxygen gas are 
mixed in the ratio 4 : 1, what will be the velocity in the mixture. Molecular weight of oxygen is 32 
and that of hydrogen 2. 

Solution : Let volume of oxygen = V and its density 32 p 

Then the volume of hydrogen = 4V and its density = 2p 

<. Total volume of the mixture V, = 5V and total mass = 32pV + 8pV = 40pV 


| : 40pV 
So, the density of the mixture, Pi SERTA 


AE [Pu = ee S eR Vua 270. 635 
Vi Ye, Vsp 2 2 2 


<. Velocity of sound in the mixture = 635 ms? 
Ex. 4.15. : Calculate the velocity of sound at 27°C in air saturated with water vapour. Given, the 
velocity of sound in dry air at 0°C is 332 m/s and saturated vapour pressure at 27°C is 11.2 mm Hg. 


Solution : Let V} = velocity of sound in dry air and V,, the velocity of sound in moist air. 


1 
=8p Now, velocity of sound is V a ET 
P 


Now, V4 = Vin‘ 120377. f= M2 mm Hg, P = 760 mm Hg 


env l 11-2 
t v, = Vq(1=0°378% s) =Vq{ 1-5 *0-378x =| = 095 V, 


Now, the velocity of sound in dry air at 27°C is Vj = Vo SS 


| 8 
$RVIESS32 300. 348 m/s - V, scuta Sous s us 
273 0.95 0.95 


Ex. 4.16 : A vibrating tuning fork having frequency 67:5 cm. can produce a sound' of wavelength 
67-5 cm in air at 17°C. Density of air at NTP = 1:293 g/lit. Calculate the ratio of two specific heats. 


Solution + Velocity of sound in air at 17°C, V = nk —512x67:5 m/sec 
If py and p be the densities of air at 0°C and 17°C respectively. 
To 273 


On 
P20» p=pyp 2 =1-293x 
I RUE 373 
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; P 
< P=1-205 g/lit =1-205x10° g/c.c. Now, V= arse 
(512 x 67-5 x 1-205 x10? Sor 
repos lle eb ees LS RN 
j 1-013 x 10° 


<. the ratio of two sp. heat of air = 1:42 


Ex. 4.17. : The velocity of sound in a liquid is 1400 m/s and density of the liquid 078 g/c.c. 
Calculate compressibility of the liquid. 


1 1 
Solution : We know, V = p3 <- Compressibility ==- [v= 14 x 10 cm/s] 
p K Vp 


D ose 
K (14) x0-78 


= 6-54 107! cm? dyne”! 


4.7. Doppler effect : 


It is an effect associated with waves when the Source or the observer is moving. When the source 
emitting waves and the observer receiving them, are in relative motion with respect to the medium in 
which the waves propagate, the frequency of the waves received by the observer is different from the 


frequency of the vibrating source. This phenomenon was first observed by C. J. Doppler in sound waves 
and is known as Doppler Effect. 


(a) Definition : When there is a relative motion between the source of sound waves and the 


observer receiving them, the apparent change in frequency of the sound as perceived by the observer 
is known as Doppler effect. 


This phenomenon is exhibited by all types of waves, including light waves which do not require a 
medium for their propagation. We shall discuss Doppler effect in sound waves. We shall consider the 
motion along the line, joining the source and the observer. 


The Doppler effect in sound waves may be readily observed by a person at a railway platform. 


When fast moving train blowing a whistle approaches the Observer, the pitch (frequency) of the whistle 
appears to rise and it suddenly appears to drop when the engine has passed by. 


For waves which require a medium for propagation, 
Which of the three — the source, the observer and the me 
of frequency in the following cases : 


the apparent change of frequency depends on 
dium is moving. We shall compute the change 
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(1) Source is in uniform motion — observer stationary : 

Let V be the velocity of sound in air and V, is the velocity of the source (S) and now the observer 
is stationary at O. Air is not blowing i.e. the medium is stationary. 

If the frequency of emitted sound be n, the source 
will produce » waves in one second. If the source is 
stationary, these waves will occupy a distance V. This length 


V 
is shown as AB in fig. 4.2. Hence P DS (A = actual 


wavelength). i 

Now, let the source is moving towards the observer 
with a speed V, (V, < V). The source will come to the 
position S’. So, SS’ = V, As the velocity of sound with 
respect to the source remains constant, all. waves emitted 
per second will be contained within the length (V — V). 
So the waves are now compressed and wavelength will 
decrease. The changed wavelength is 


A'z 


V puto V, 
NICE V-V, 
On the other hand, if the source is moving away from the observer, the sign of V, will be negative. 


-. Increase in frequency An = n'—-n =n 


Now, the apparent frequency is n' 2n 


VEN, 
So, now, n' < n i.e. the apparent frequency will decrease and decrease of frequency is 
DEA 
An=n-n'= 
V+V, 


e If wind blows with velocity V, in the direction of sound, then effective velocity of sound is 
V + V Then by equation (4.7): 


En E cite ia! s A A ORS (4.9) 
VERVE oa DUE 
If the wind velocity be opposite to sound. velocity then 
i V- Vy 
n PREE er a es A Cz. RDN. MIARE TUI 2S (4.10) 


Phy (D—51 
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(2) Observer is in uniform motion — source stationary : : 
If the source is stationary n waves will be contained within a distance V (V — velocity of sound). 


N v Aon iar 
So, length of the waves (A) will not change. So, X PETI ; ; 


Now assume that the observe (O) is móving away from the source 
with a velocity V,. If the observer be stationary at B then n waves will 
reach the observer per second. But if the observer moves away by a 
distance V, in one second, all the waves produced in 1 sec. will not 
reach the observer. The number of waves contained in AA’ will not 
be heard by the observer. Now, the number of waves contained in AA’ 


5 n 
is m -—:Vo 


Hence, the number of waves received by the observer per second 
i.e. the apparent frequency is 


n 
nn-n-n Ena Wo 


Fig. 4.3 


As n' < n, apparent frequency or pitch is less than actual frequency. 


Now, if the observer approaches the source then the apparent frequency is 
V Vo 


n'=n- 


n, VtVy Vo 
V+V,, 
If the wind blows opposite to the sound then apparent frequency 


[from equation 4.11] 


(3) Source and observer both in uniform motion : 
© Source approaching a receding observer : 


Let the source (speed, V.) and observer (speed, V,) are moving along the same straight line in the 
same direction. The medium is stationary. 


Due to the motion of the source wavelength will change and due to the motion of the observer 
effective velocity of sound will change. 


If observer is stationary, changed wavelength due to the motion of the source is À' = Maw, 


n 
V 


s i ; V-V, 
This frequency will again change due to the motion of the observer. Considering the motion of the 


The apparent frequency is n' uu =n; 


source and observer the final apparent frequency is n” =n' DAEAR EE Me 
M Viv LN 


Mare MN M 
UC C yay, Where nET 
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e Both the source and observer receding from each other : 
The apparent frequency in this case is obtained by reversing the sign of V. 
WAGE 

V+V, 


fees 


* Both the source and the observer approaching each other : 


Reversing the sign of V, the apparent frequency in this case n“ =n: VY 
* Observer approaching a receding source : i 
a 3 WB 2s V+Vo 
In this case the signs of V, and Vs are reversed and the apparent frequency is ^" = toy 
Hs s 
y t » 
Hence in general, apparent frequency is 7" ev Seis pnsta sts (4.14) 


Now, we consider an example — A car A is moving with a velocity of 90 ms~'. Another car B in 
front of A is moving with velocity of 30 m/s. Car A is emitting a sound of frequency 1000 Hz. What 
is the apparent frequency as heard by B ? 


First, we substitute different values in equation (4.14) without considering the signs 
33230 
332+90 


Next we consider the signs of V, and V, 


n" = 1000 [Here V = 332 m/s, V, = 30 m/s and Vs = 90 m/s] 


(i) Car A (source) is approaching the car B (observer). So when only the motion of the source is 
considered the denominator of the fraction will be (332-90). 


(ii) Car B (observer) is moving away from the source (car A). So the frequency will decrease. So, 
the numerator of the fraction will be 332-30. $ 
332-30 
332-90 
4.8. Doppler effect in the case of light waves : 
All types of waves show Doppler effect. So the apparent change in frequency can also be detected 


in the case of light. As the velocity of light is extremely large, it is not possible to detect the change of 
frequency by any terrestrial experiment. We have to consider celestrial or heavenly bodies as sources 
which are moving with a high speed. 


Hence, the apparent frequency, |. 7i" = 1000 x = 1289 Hz 


Again frequency of light is extremely large. So, it is not possible to measure the change in frequency 
of light. But change in wavelength can be measured comparatively easily. 


When light emitted by a source is observed through a spectroscope the spectrum shows a number 
of lines on a dark background. Each line corresponds to a particular wavelength. If there is a change in 
wavelength, the line shifts from the original position in the spectrum. 

When the source approaches the observer, the wavelength decreases and the line shift towards the 
violet end of the spectrum. Similarly, when the source goes away from the observer, the wavelength 
increases and the line will be shifted towards the red side of the spectrum. 


By measuring the amount of shift of the line, the change in wavelength can be measured. Hence the 
velocity of the source of light can be determined. 
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* Application of Doppler effect in light : 
Some of the applications of Doppler effect in light are given below : 


(i) Doppler effect is applied to measure the speed of the vehicles by the traffic. police. When 
electromagnetic waves of definite frequency emitted by a source are reflected by a vehicle in motion, 
a shift of wavelength of waves takes place. From the shift, the velocity of the vehicles can be 
found. 


(ii) In Radar, Doppler effect is applied to detect the enemy's plane. The microwave emitted by the 
transmitter of the radar, after reflection from the enemy plane are picked up by the receiver of the radar. 
If the aeroplane is approaching the radar, there will be an increase in frequency or decrease in wavelength 
of the waves. On the other hand, wavelength of the wave reflected by the aeroplane increases when the 
aeroplane moves away from the radar. By measuring, change in frequency or wavelength, the velocity 
of the plane can be determined. 


The same principle is applied in the case of SONAR in the sea for the detection of submarines and 
rocks under water. 


(iii) We know about the other galaxies of the universe by the Doppler effect. It is found that the 
wavelength of the spectral lines from the galaxy shows a shift towards the red. But measuring the red 
shift, the distance and velocities of other galaxies can be predicted. Red shift due to Doppler effect 
confirms the hypothesis that the universe is expanding. 


Example 4.18. : A train moving with a speed of 80 km/hr crosses a man standing by the side of the 
railway line and it is continuously blowing its whistle. Compute the ratio the apparent frequencies 


of the sound heard by the man (i) when the train approaches him and (ii) when the train goes away 
from him. Velocity of sound is 330 m/s. 


Solution : Velocity of the source V, = 80 km/hr = 2 m/s- 22-22 m/s 


UA g Sh ag VtVo 
General equation for computing apparent frequency is n' =n: AUTE 
Ist Case : The source (train) is approaching the observer. So, the apparent frequency will increase 
and we have to take negative sign for V, Now, V, = 0 as the observer is stationary. 


; V 330 


"NIC" 330-22.22 «8 db ee ren wile (i) 


[from eqn. 4.14] 


z bd 
2nd case : Now, the apparent frequency will be ” — vv. [Now, frequency will decrease] 


5 330 2 
m —u———À a a o og Oa 44: «5: 2 72 0 E d) POTENT a (ii) 
330+ 22-22 
pyle LEE AR enn, 
n" .330-22.22 


Ex. 4.19. : An engine is approaching a hill with a speed of 30 miles per hour and it whistles 
emitting a sound of frequency 224 Hz. Calculate the apparent frequency of the reflected sound as 
heard by the driver of the engine. Velocity of sound in air — 1080 ft/s 
VtVy 
VEV, 

Here the observer (driver of the train) is approaching the hill and hears the sound reflected from the 


Solution : We know n' =n- 
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hill. As the engine approaches the hill, he hears the echo earlier. So, it is a case as if the source and the 


observer approaches each other. So, the apparent change in frequency is 1’ =n- V v 
1 2294 x 1080+44 ; 
nr 1080—44 [V = 1080 ft/s, Vor Var a4 Ws, nc 224] 
= 243 Hz 


Ex. 4.20. : Two sources give out identical notes of frequency 1360 Hz. As observer half-way 
between them moving from each other hears 4 beats per sec. At what speed is he moving ? |Given, 
the velocity of sound = 340 m/s] 

Solution : Let the man is moving towards the first source and moves away from the second source. 

V+V 

So, the apparent frequency of sound emitted by the first source is n'-n——À 
and the apparent frequency of sound emitted by the second source as heard by the man is 
V - Vo 


n'"-n- 


V 
` Difference in apparent frequencies 


An=n' =n" "= 2 [V+Vo- vele (2V0) 


136 lis 
*. By question, 4= x2x V or, Vo veas 


340 
Mj zn EM km/hr 
2:475 
Ex. 4.21. : A car travels perpendicular to a high wall with a speed of 26 km/hr. The driver 


sounds a horn of frequency 200 cps. What is the frequency of sound heard by the driver noming 
after reflection from the wall ? Velocity of sound = 340 m/s 


X V+V, 
RUN ne T pa aio nec Vp -36x 2. - 10 m/s 
V-V, 340-10 18 
350 


-200x—— = 212-12 Hz 
330 


Ex. 4.22. : Two observers A and B have sources of sound of frequency 500 Hz. If A remains 
stationary while B moves away with a velocity 10.0 m/s, find the number of beats heard by A and 
B. (Velocity of sound 2332 m/s) 


Solution : Beats heard by A : In this case, the observer (A) is stationary and the source (B) is 
moving away. So 
V 332 
VaN. A 
*. Frequency of beats = 500 — 4854 = 14.6 Hz 


Beats heard by B : Here the source (A) is stationary and the observer (B) is moving away from the 
source. 


D 


n-n 


= 485-4 Hz 


Man =n M soo LE eia 


-485 Hz 
*. frequency of Beats heard by B = 500 — 485 = 15 Hz. 
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* SHORT ANSWER TYPE QUESTIONS (With Answers) * 


Question 1. Velocity of sound is much higher in solids than in gases. What is the cause of this 
difference ? |J.E.E., 1991, 1996] 


el ilies jid 
Ans. The velocity of sound in solids is given by V = 3 
Here Y = Young's modulus ofthe solid and p; is its density. 


and the velocity of sound in gases is V, = E 


Pe 
where K = bulk modulus of the gas and p, = density of the gas. 


It is found that x > iS For this reason, the velocity in sound in solid is greater than. in gases. 
Ps Px 
Q. 2. What is the fundamental difference between sound wave and light waves ? 


Ans. The fundamental differences between sound waves and light waves are : 
(i) Sound waves are longitudinal elastic waves. But light waves are transverse electromagnetic waves. 
(ii) Sound wave cannot be polarised but light wave can be polarised. 


(iii) For the propagation of sound wave a material medium is necessary. But light waves do not 
require any medium for its propagation. 4 


(iv) Velocity of light wave is much greater than the velocity of sound wave. 


Q. 3. Why a medium is necessary for the propagation of sound waves ? What conditions must 
the medium fulfil. ? |J.E.E. 1997] 


Ans. Sound wave is an elastic wave. The mechanical energy of the vibrating body causes disturbance 
in the medium. This energy of disturbance produces sound wave which passes through the medium 


through compression and rarefaction. For this reason, without a material medium sound waves can not 
propagate. 


2nd Part : The medium must fulfil the following conditions for transmission of sound waves : 


(i) The medium must be elastic (ii) Particles of the medium must have inertia and (iii) Force of cohesion 
must be effective between the molecules. 


Q. 4, Explain why velocity of sound in air is higher is rainy season than in winter ? 


Ans. The temperature and moisture content in air is higher is rainy season than in winter. Now, 


velocity of sound in air is proportional to the square root absolute temperature of air. ie. V o JE: 
Velocity of sound increases with temperature of the medium. 


Again, moisture content or humidity in air is higher in rainy reason and density of the medium is 


1 f ; : RE Nz cs 
less. Now V à ——. So, with decrease of density velocity of sound in air increases. 
P : cag tS 
For these two reasons velocity of sound in air is greater in rainy season than in winter. 
Q. 5. What is meant by supersonic speed ? What is mac number ? 


Ans. If the velocity of an object is greater than the velocity of sound in air, the speed is called 
supersonic speed. 


Mac No. The ratio of the velocity of an object to the velocity of sound in air is called mac number. 
When mac no is greater than 1, the speed is supersonic. 
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Q. 6. What is ultrasonic ? 


Ans. The longitudinal waves (i.e. sound waves) whose frequency is higher than audiable frequency 
(i.e., above 30 KHz) are called ultrasonic. 


Q. 7. Compare the velocities of sound in hydrogen (y = 1-4) and in helium gas (y = 1-67) at the 
same temperature. 


yRT 


Ans. Velocity of sound in a gas, V = 
M 


If V, and V, be the velocities of sound in hydrogen and in helium then 
Mi pna Magali. Sagen 
V: y M 1-67 2 


Q. 8. Show that the velocity of longitudinal wave in gaseous medium is given by V = Sn 


where V ms = r.m.s. velocity of gas molecule. 


Ans. The velocity of sound in a gaseous medium, V = a 


p 
1 
Now, from kinetic theory of gases, P = 3P Vins 


pu 

ds Vins nV JS 

Q. 9. Prove that according to Doppler principle the change of frequency is greater when the 

source approaches the observer than when the observer approaches the source with the same speed. 
M 


V=V 


Ans. When the source approaches the stationary observer, the apparent frequency is n’ =n: 
s 


and when the observer approaches the stationary source the apparent frequency is 


V+V, 
n"=n- ue [As V, = VJ] 


A. Short Answer type Questions : 
1. Sound wave is an elastic wave. Explain. 
.'Is sound wave longitudinal or transverse ? Explain. 
. Sound waves can travel through any material medium. Why ? 
|. What is ultrasonic ? Mention some of its applications. 


. Explain why a medium is necessary for the propagation of sound. What conditions must the medium fulfil ? 
|J.E.E. 1997] 


une WN 


e 


. What are the points of similarities and dissimilarities between sound and light waves ? 
7. Which property of the wave proves that the sound waves are logitudinal ? 
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8. The velocity of sound is generally greater in solid than in gases at NTP. — Why ? [J.E.E. 1991, 1996] 

9. Show that, under isothermal condition, bulk modulus of the gas is equal to its pressure. 

10. Show that, under adiabatic condition, bulk modulus of a gas is the product of pressure and the ratio of the 
two specific heats of the gas. 


11. Higher the density of a gas, lower is the velocity of sound in that gas. But velocity of sound is higher in 
solids although the density of solid is greater than that of a gas. Explain. 


12. Will the velocity of sound in two gases be equal if the ratio P/p be same for both gases ? 

13. Why do the astronauts on the moon have to talk to each other over radio ? |J.E.E. 1998] 

14. Why is the velocity of sound in air is greater in rainy season than in winter ? 

15. Between oxygen and hydrogen in which gas, the velocity of sound is greater ? 

16. At what temperature, the velocity of sound in air is double the velocity at 0°C ? 

17. When one end of a long metal tube is hammered two sounds are heard at the other end. Why ? 

18. What is Doppler effect ? 

19. The value of y of a gas is 1:41 ; show that the velocity of sound in the gas is v = 068C when C is r.m.s. 
of the gas molecules. 


20. Prove that if the observer moves away from the source with a velocity half of the velocity of sound in air. 
the apparent frequency will be half of the actual frequency. 


21. Is Doppler effect observed in light waves ? 

22. Are diffraction and polarisation possible in the case of sound waves ? |J.E.E. 2001] 
B. Essay type Questions : A 

1. (a) Mention the evidences to prove that sound waves are longitudinal waves. 

(b) Explain why a material medium is necessary for the propagation of sound waves ? 


2. State and explain Newton's formula for the velocity of sound waves in a gas. What is Laplace's correction 
of Newton's formula ? 


he s: What are the effect of (i) pressure, (ii) temperature, (iii) density- and (iv) humidity on the velocity of sound 
in air ? 
4. Discuss the effect of temperature and pressure on the velocity of sound in a gas. |J.E.E. 1996] 
5. What is Doppler effect ? 
Obtain the expressions for the apparent frequency in the following cases : 
(i) Source moving and observer stationary. 
(ii) Observer movirig and source stationary. 
(iii) Source and observer both are moving. 
6. Show that under isothermal condition bulk modluus of the gas is equal to its pressure. 
C. Simple Numerical Problems : 


1. The density of a solid medium is 8000 kg/m? and its Young's modulus is 1-62x10!! Nm? Calculate the 
velocity of sound in the solid. [Ans. 4500 ms~!] 


2. Calculate the increase of velocity of sound in air where its temperature is raised from 0°C to 1°C, 
[Ans. 061 ms~!] 


3. What is the velocity of sound in a diatomic gas at 0°C ? ES zd 


; 4. At the same temperature and pressure the velocity of sound in oxygen is Vo and in hydrogen the velocity 
is Vy. Obtain the relation between Vo and Vy: [Given, molecular weight of oxygen = 32 and of hydrogen — 2] 
[Ans. V4 4Vo] 
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5. The velocity of sound in a gas at 0°C is 1260 m/s. Its molecular weight 2. Find its y. R=831 J mol"! K-!. 
[Ans. 1:4] 
6. At what temperature velocity of sound in air be equal to half the velocity at 0o» [Ans. -20475*C] 
7. The velocity of sound in air at 0°C is 332 m/s. At what temperature the velocity be 350 m/s ? [Ans. 304*C] 
8. Find the velocity of sound in hydrogen gas at NTP. The density of hydrogen at NTP = 0:09 g/litre. y = 14 
[Ans. 125525 m/s] [H.S. 1988] 
9. Determine the percentage change in velocity of sound when the temperature changes from 10°C to 20°C. 
[Ans. 1:77%] [J.E.E. 1997] 
10. The temperature of air falls from 27°C to 7°C. What is the percentage change in velocity of sound in air? 
[Ans. -3:4%] 
11. Calculate the speed of sound in steel, given speed of sound in water = 1493 m/s, and bulk modulus and 
density of steel 80 and 8 times respectively of those of water. [Ans. 47213 m/s] |J.E.E., 1995] 


12. The masses of one litre of hydorgen and one litre of air are 0089 and 1-293 gm respectively at the same 
temperature and pressure. If the velocity of sound in air at the temperature be 330 m/s, what will be the corresponding 


velocity in hydrogen ? [Ans. 396 ms~'] [H.S. 1998] 
13. A stone is dropped into a well 44:1 m deep. Find after how much time will the sound of the splash be heard. 
Velocity of sound in air = 340 m/s. [Ans. 3:13 sec.] 


14. If the velocity of sound in oxygen under normal conditions be 317 ms~!, what should be its velocity in 
hydrogen at 30°C and 374 mm pressure. [Ans. 1335:85 m/s] 
15. When one end of metal tube of length 1 km is hammered, the time interval between two sounds heard at 

the other end is 2:8 sec. If the velocity of sound in air be 333 m/s. calculate the velocity of sound in the metal. 
[Ans. 4930 m/s] 

16. A tuning fork of frequency 512 Hz emits a tone of wavelength 67:5 cm in air at 27°C. Calculate the value 


of y of air. Given density of air at NTP is 1:293x10-3 g/c.c. [Ans. y = 1:39] 
17. Calculate the velocity of sound in carbon-di-oxide gas at 30*C and 760 mm of Hg pressure. Given 11:1 litre of 
carbon-di-oxide gas at NTP weighs 22 g and the ratio of two specific heats of the gas is 1:26. [Ans. 2673 ms} 
18. The velocity of sound in a gas at 16°C is 340 m/s. If the pressure is double and temperature is 168°C what 
will be the velocity in the gas ? [Ans. 420 ms] 
19. What is the velocity of sound at 27°C in air saturated with water vapour ? Assume that velocity of sound 
in dry air at 0°C is 332 m/s and saturation vapour pressure at 27°C is 182 mm Hg. [Ans. 3652 m/s] 


20. Young's modulus of brass is 9x1010 N/m? and its density 8500 kg/m?. The corresponding quantities for 
steel are 2x10!! N/m? and 7800 kg/m. Obtain the ratio of the velocities of sound in brass and steel. [Ans. 0:64] 
21. For helium y = 1:67 and at N.T.P. 22.4 litres of helium weighs 4g. Find the velocity of helium gas at 0c 

and at normal pressure. [Ans. 9733 ms:!] 
22. At what temperature the velocity of sound in nitrogen gas is exactly equal to the velocity of sound in 
oxygen gas. Given, atomic weight df nitrogen is 14 and that of oxygen is 16. [Ans. 221*C] 
23. A man hears the sound of thunder 4 sec after he sees the flash of lightning. If the air temperature be 4°C, 
calculate the distance of the man from the place of thunder. Gives the velocity of sound in air at 0°C is 3325 m/s. 
[Ans. 13788 m] 

24. The velocity of sound in a gas at 50°C is 340 ms. If the pressure is double and temperature be 125°C, 


what will be the velocity of sound now ? [Ans. 37741 m/s] [H.S. 2002] 
25. The ratio of the densities of oxygen at nitrogen is 16 : 14. At what temperature velocity of sound in oxygen 
be equal to the velocity of sound in nitrogen gas ? [Ans. 561°C] 


26. A train while blowing a horn, is approaching a railway platform with a velocity of 90 km/hr. The frequency 
of emitted sound is 600 Hz and velocity of sound is 325 m/s. What is the apparent frequency of sound as heard by 
a person standing on the platform 2 [Ans. 650 Hz] |J.E.E. 1986] 
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27. A train is approaching a stationary observer with a velocity of 118:8 km/hr and it is blowing a horn 
continuously at frequency 500 Hz. The observer is approaching the train with the same speed. Calculate the apparent 
frequency of sound as heard by the observer. Velocity of sound in air = 330 m/s. [Ans. 610 Hz] 


28. A source of sound having frequency 256 Hz is moving towards a wall with a velocity of 5 m/s. How many 
beat per second will be heard if sound travels at a speed of 330 m/s. The source of sound is situated between the 
listener and the wall. [Ans. 8 Hz] [LI.T.] 
D. Harder Numerical Problems : 

1. The velocity of sound in a gas at 20°C is 1305 ms". If y of the gas be 1-4, calculate its molecular weight. 
R - 831 J mol! K- [Ans. 2] 

2. The velocity of sound in helium gas at 173°C is 582 m/s. If the molecular wt of helium be 4, calculate 
the value of y of the gas. [R = 831 J mol! K-'] [Ans. 1:63] [J.E.E. 1998, 2000] 

3. A vibrating tuning fork of frequency 512 Hz at 15°C emits a sound of wavelength 66 cm in air, If the density 
of air at NTP be 129 g/lit, find the ratio of the two specific heats of air. [Ans. 1:38] 

4. The velocity of sound in hydrogen gas at 0°C is 1200 m/s. When some oxygen is mixed with hydrogen, 
the velocity of sound in the mixture is 500 m/s. Calculate the ratio of hydrogen and oxygen in the mixture by 
volume. Given density of oxygen is 16 time more than that of hydrogen. [Ans. 2:15] [J.E.E. 1982] 

5. An aluminium rod of length 90 cm is clamped at the middle and set into longitudinal vibration by resin cloth. 
If the rod emits its fundamental frequency, calculate : (1) velocity of sound in aluminium, (ii) wavelength of emitted 
sound, (iii) frequency; (iv) wavelength of sound in air. Given density of aluminium 2600 kg/m?, its Young's 
modulus. Y = 738x101? N/m?. Velocity of sound in air = 340 m/s. 

[Ans. (i) 5480 ms:!, (ii) 180 cm, (iii) 3050 Hz, (iv) 11-1 cm] 

6. The velocity of sound in hydrogen is 1270 m/s. When oxygen and hydrogen are mixed in the ratio 1 : 4 


by volume, calculate the velocity of sound in the mixture. [Ans. 635 m/s] 
7. The velocity of sound in hydrogen at 0°C is 4200 ft/sec. If hydrogen and oxygen are mixed in the ratio 
2: 1, what will be the velocity in mixture at 0°C. [Ans. 17143 ft/s] 


8. The tension in a sonometre 64 N. When the string is set into vibration, its fundamental is at resonance with 

à tuning fork. The length of the sonometer wire is 10 cm and mass 1g. The vibrating tuning fork is removed with 
a certain speed and one beat per second is heard. Calculate the velocity with which the tuning fork is removed. The 
velocity of sound in air is 300 m/s. [Ans. 0752 ms:!] {LLT. 1983] 
9. The velocity of sound in air saturated with water vapour at 30°C in 350 m/s. Calculate the velocity of sound 

in dry air and at normal pressure. Mass of 1 c.c. of dry air at NTP 0001293 gm. Vapour density of water vapour 
is 0-62 and barometer reading 760 mm Hg. Aqueous tension at 30°C = 31-5 mm Hg, [Ans. 329:59 ms: !] 
10. The ratio of the frequencies of sound as received by a stationary observer when the source moves towards 
away from the observer is 9 : 8. If the velocity of source of sound be 20 m/s, calculate the velocity of sound in air. 
[Ans. 340 m/s] 

11. Two tuning forks of frequencies of 340 Hz each are in motion relative to a stationary observer. One fork 
moves away from the observer, while the other moves towards him at the same speed. The observer hears beats of 
frequency 3 Hz. Find the speed of the tuning forks. - [Ans. 1:5 m/s] [L.L.T. 1986] 


SUPERPOSITION OF WAVES 


TOPICS : Superposition of Waves ; Principle of Superposition ; Stationary Waves; 
Explanation of formation of stationary waves by Analytical method ; Explanation of 
formation of stationary waves by graphical method ; Transverse vibration of string ; 
Laws of transverse vibrations of strings ; Different modes of vibration of a stretched 
string ; Analytical treatment of vibration of a string fixed at both ends ; Longitudinal 
vibration of a rod ; Frequency of fundamental in closed and open pipes of same 
length ; Effect of temperature and humidity on the frequency of air column ; 
Determination of velocity of sound or frequency of a fork by resonance air column 
method ; Beats ; Examples. 


5.1. Introduction : 


Two or more than two waves can travel through the same medium simultaneously. Each proceeds 
without being affected by the others. That different waves can pass through a medium independently can 
be understood from the following examples. 

(i) We can hear quite distinctly the sounds of several independent conservations of persons gathered 
in aroom: (ii) If two stones are dropped into a pond, each set of ripples passes through the other without 
any change of shape, direction or speed. (iii) A clear photograph is obtained with a camera. It shows that 
lights from different objects have entered through the shutter opening. The light waves do not affect one 
another. 


5.2. Superposition of Waves : 

In our previous discussions we have considered the passage of a single wave through a medium. 
We shall now consider the effect when two or more waves proceed simultaneously through the same 
medium. 

When two or more wave trains travel in a medium at a time, each train of wave proceeds independently, 
as if the other trains of waves are absent. The displacements of a particle of the medium at any instant 
due to these waves are independent of one another and is obtained by the vector sum of individual 
displacements. Such process by which different trains of waves travelling through a medium 
simultaneously overlap one another without losing their individual nature or shape is called 
superposition of waves. 

We consider two similar wave pulses P and Q having displacement of same signs (both upwards). 
These pulses travel along the length of the string with equal speeds but in opposite direction [Fig. 5.1(a)]. 
After a small time interval, the position of the pulses are shown in fig. 5.1(b). Next fig: 5.1(c) shows the 
effect at any time ¢, when the pulses superpose- 

It is found that a wave pulse R having displacement equal to sum of the displacements of the two 
wave pulses is produced. After a while the wave pulses P and Q move along the string as shown in fig. 
5.1(d). Evidently the pulses retain their shape after they superpose on each other. 
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Fig. 5.1 Fig. 5.2 


On the other hand, let the two pulses P and Q of equal displacements but of opposite sign move with 
equal speeds in opposite directions along the length of the string [Fig. 5.2(a)]. After a small time, the 
pulses are nearer. Next they superpose on each other producing a resultant pulse R of zero displacement 
as shown in fig. 5.2(c). After crossing each other they continue to move retaining their shape 
[Fig. 5.2(d)]. 

In both the cases the resultant waveform has been determined by adding the displacement of the two 
wave pulses by the law of vector addition. 


5.3. Principle of Superposition : 


When two or more waves are passíng simultaneously through the same medium, the resultant 
displacement of each particle of the medium at any instant is equal to the vector sum of the 
displacements produced by the waves separately. This principle is known as the principle of 


superposition. X 


TIREN 
In general, if Y1, Y2, Y3, ..Y, are the displacements of the particle of the medium, when » waves 
superpose on each other, then the resultant displacement is 
-> > > > 


Jp T pt Y+ suy, 
(i) If we consider two wave pulses which produce equal displacements in the same direction then 
the resultant displacement of the particle will be 
y 7/13, = 2a [Putting y, =.= al 
It is the same result as obtained graphically in fig. 5.1(c). (ii) On the other hand, if the wave pulses 
produce equal and opposite displacements of the particle of the medium, the resultant displacement 
will be 
JuQUCAM cua 
Again, it is same resultant as obtained graphically in fig. 5.2(c). 


The principle of superposition is applicable to all types of waves provided the amplitudes of the 
Waves are not too large. For waves travelling through a material medium, like water waves, sound waves 
etc. the principle of superposition does not hold if the amplitude is large, Reason is — if the amplitude 
is not small, the force acting on the particle will not be proportional to the displacement. But for light 
waves and other Kind of electromagnetic waves, the principle holds rigorously. 


The principle of superposition is applicable regardless of frequency or direction of propagation of 
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the individual waves. But here we consider waves of equal or nearly equal frequencies. Here we small 
consider three phonomena related to the superposition of sound waves : 


(a) Stationary waves : When two identical waves having same frequency and amplitude moving 
with same speed along the same straight time but in opposite direction, superpose each other ; they give 
rise to a pattern of wave which appears to remain stationary in space. It is called stationary wave. 


(b) Beats : When two waves of slightly different frequencies moving with same speed in the same 
direction in a medium superpose on each other, they give rise to beats. 


(c) Interference : When two waves of same frequency moving with same speed in the same 
direction in a medium superpose on each other, they give rise to an effect called interference of waves. 


5.4. Reflection of Waves : 
Suppose a pulse travels along a string from left to right race 


end which is rigidly fixed on a wall [Fig. 5.3(a)] when the (a) 
wave pulse reaches the right end, the string exerts an upward > 
force on the wall. By Newton’s law of motion, the wall exerts 
a downward force on the string. As a result the string. is - (b) 
accelerated in the downward direciion and a reflected pulse is 
created. It has negative displacement and travels in the opposite 
direction [Fig. 5.3(c)]. So crest is reflected as trough. (©) 
Now, let a harmonic wave instead of a pulse be incident 4— 
on a wall. then reflected harmonic wave will travel in opposite ——À y} (d) 
direction in which the particle displacement is reversed. Let the 
incident wave (which travels in +x-axis) be represented as 1 
PELA 
y,-a sin dor putes euer G.1) 
Then the reflected wave travelling ‘in -ve x-axis is 


Sw 
Now, y, --a sin Suis 


As the reflected waves travels in the same medium as the incident wave, its speed, wavelength and 
frequency will remain unchanged. 


2 
Now, -a sin Horyza sin or-+2) +0} BU Athe (5.2) 
So, the reflected wave suffers a phase change of z radians with respect to the incident wave. It is 


true for sound waves, light waves or any other types of waves. 


5.5. Refraction of waves : 
In the last article we have discussed the reflection of a 


gm o wave pulse in a stretched string at a rigid boundary i.e. infinitely 

AS Xo. massive wall. Now let a positive pulse (i.e. having displacement 
— in the upward direction) starts at the free end ofa light string. 

A B A and meets a heavier string B which is joined to the other end 
of the light string A [Fig. 5.4(a)]. Here both the strings are 

w under the same-tension and mass per unit length of B is higher 


than that of A. When the pulse reaches the point of contact of 
Fig. 5.4(a) the strings, it is partly transmitted and partly reflected. The 
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transmitted or refracted pulse is positive and the reflected part is negative. The velocity of the refracted 
wave will be different. The reflected wave has suffered 180°, phase difference, while the transmitted 
pulse does not undergo any phase change. 
Now, we conside, the reverse situation. The pulse is 
az produced in the heavier string B and falls at the point of 
Bf X A contact of the lighter thin string A [Fig. 5.4(b)]. Here also 
the pulse is partly reflected and partly transmitted. But the 
= (83-2 reflected wave is not inverted in this case. It proved that 
{ \ í \A_ when a wave travelling along a denser medium falls at the 
boundary of rarer medium, the reflected wave does not 
Fig. 5.4(b) undergo any phase change. 


If a wave, instead of pulse, falls at the interface of two 
media, a part will be refracted in the second medium and the rest is reflected back to the first 
medium. 


A point to note : The wavelength and velocity of the refracted wave are different from those of the 
incident wave. But the frequency of the refracted wave will remain unchanged. The refracted wave obeys 
Snell's law of refraction. So the frequency of both incident and refracted waves is 


where i and r denote incident and refracted wave. 
5.6. Stationary waves : 


We have seen that transverse and longitudinal waves are progressive waves because these waves 
move with definite velocity through the medium. But by superposition of two progressive waves, a new 
kind of wave may be produced which has no forward motion but remains steady in space. 


* Definition : The resultant wave produced by the superposition of two similar progressive 


waves (i.e. having same wavelength and amplitude) travelling in opposite directions is called stationary 
waves. 


In stationary waves there are certain points, where the amplitude is zero and strain is maximum. 
These points are called nodes. Midway between these nodes, there are another category of points, where 
amplitude is maximum and strain is zero. These points are called antinodes. In between nodes and 
antinodes, the amplitude lies between zero and maximum. 


Like progressive waves, stationary waves may be transverse or longitudinal in nature. Transverse 
stationary waves are produced by the superposition of two progressive transverse waves e.g., stationary 
waves are produced in the vibrating string of a sonometer. 


Similarly, longitudinal stationary waves are formed due to superposition of two. progressive 
longitudinal waves. e.g., the stationary waves formed in the vibrating air columns in the pipes, Kundts 
tube and resonance apparatus. 


* Demonstration : A long uniform string is 
kept horizontally by fixing its two ends to rigid 
supports [Fig. 5.5]. It is plucked at the middle. The 
resulting transverse waves travels along the string to 
both ends and are reflected. These reflected waves 
travel along the string in opposite directions with the 
same velocity. 
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These waves being similar in all respect, combine to form a transverse stationary or standing wave. 
The string is found to vibrate in a series of equal segments [Fig. 5.5]. The points N}, N>, N; ..... are called 
nodes. Between each pair of nodes, there are points which vibrate with maximum amplitudes. They are 


known as antinodes. In fig. A}, A,, .... are antinodes. 

Similarly when a vibrating tuning fork (which produces longitudinal progressive 
wave) is held at the mouth of an origin pipe, the longitudinal waves travel along the A, 
pipe and are reflected from the other end. Superposition of the direct and the reflected z 


waves which are identical in all respect but oppositely moving produce longitudinal 
stationary waves [Fig. 5.6]. 

In a stationary wave, the distance between two consecutive nodes or antinodes is 
equal to half the wavelength of the wave. 


Xx ~ 
So, AA, - NN; = F [A = wavelength of the wave] > <i 


e It may be mentioned that all sounds emitted from musical instruments are A 
the result of stationary waves. In stringed instruments like sitar, esraj etc. stationary IS 
waves are produced by the superposition of transverse waves, while in wind 
instruments like flute, organ etc., they are produced by the superposition of 
longitudinal waves. 

5.7. Explanation of formation of stationary waves by Analytical method : 

Here we consider two progressive waves — one travelling along positive x-axis and the other 
travelling along the negative x-axis. Both the waves have amplitude ‘a’ wavelength À and wave velocity 
v. So the superposing progressive waves are 


Fig. 5.6 


gti ram 
yı =a sin S =x) and y =4 sin zY +x) 
By the principle of superposition, the resultant displacement of a particle at x at a time t is y =y; * Y; 


s» y=asin (ut-x)+a sin rex) 


2n 2n . 27 21 ] 

z2a«sin —— vt- Fra =A-sin — vt |A-2a:cos—x i 
2a-sin X vi- cos i x X | X ] praed. mee cs cip He pp A (i) 
This equation represents a simple harmonic vibration of same wavelength A as the superposing 


2n k 
waves. The amplitude A =2a cos ae is not a constant. For different values of x, the amplitude has 


different values. It must be mentioned that this simple harmonic vibration does not represent a progressive 
wave because its phase does not contain term like (vt — x). So the above equation represents a stationary 
wave. 


e Positions of Nodes : 


2n 
The nodes will be formed at the points where COS“ ~*~ 0 
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3A 5K i : ; 
-. Nodes will be formed at x = A, PU the particles at these points will be at rest. Evidently, 
the distance between two consecutive nodes is 2/2. 


* Positions of antinodes : 
? 2n 
The points of maximum vibration or antinodes will be formed at those points for which cos TUM =l] 


eE or x= PO; 19228 75] f A 
X 2 p 
4 À 3X y 
<. Antinodes are formed at x — 0, 2! À, icd 


The amplitude of vibration at these points is 42a. Also the distance between any two consecutive 
antinodes is 2/2. 


Evidently, the distance between one node and next antinode is 1/4. 
5.8. Explanation of Formation of stationary waves by graphical method : 


We know that two identical progressive waves travelling from opposite direction, on superposition 
produce stationary waves. : 
The formation of stationary 
waves by graphical method is 
explained below. 


One progressive wave 
(shown by continuous curve) is 
travelling through the medium from 
left towards right. Another identical 
progressive wave (shown by dotted 
curve) proceeds from right to left 
along the same line [Fig. 5.7]. 


(i) Let us reckon the time 
from the moment the two waves 
meet in opposite phase at a point as 
shown in fig. 5.7(a). Now, the crest 
of one coincides with the trough of 
the other so that the resultant 
displacement at all points will be 
zero because the displacement of the 
individual waves are equal and 
opposite. So, the resultant curve is 
a straight line which is shown by 
thick line [Fig. 5.7(a)]. 

(ii) One quarter of a period 
later ie. at ¢ = T/4, first wave 
advances 2/4 towards right and the 
second wave by 2/4 towards left. 
Now the waves meet in same phase. 
Fig. 5.7 The crest of one wave falls on the 
crest of the other wave [Fig. 5.7(b)]. 
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At points marked A, the displacement is maximum. Total displacement at these points is sum of the 
displacements produced by the two waves. Again at the points marked N, displacement is zero. The 
particles at these points are at rest. The resultant wave has been shown by thick curve [Fig. 5.7(b)]. 

(iii) At time ¢ = T/2, each wave has travelled a distance 2/4 further in their respective directions. 
It means that both the waves has moved a distance equal to 2/2 in opposite directions so that crest of 
one falls on the trough of the other. All the particles have zero displacement and the resultant curve is 
again a straight line [Fig. 5.7(c)]. 


3T 3A 
(iv) At t= ha? the waves move through a distance". The resultant displacement of all the points 


is now same as at T/4 but in opposite direction [Fig. 5.7(d)]. Here also the points marked A has maximum 
displacements and the points marked N have zero displacements. 

(v) When ¢ = T i.e. after one complete time period, the initial state of affairs as in fig 5.7(a) is 
repeated [Fig. 5.7(e)]. 


The following results are obtained from our previous discussions. 


(a) At points marked A, the particles always have maximum displacements i.e. the particles at these 
points vibrate with maximum displacements. These points are called antinodes. 


n T 3A 
These antinodes are situated at x = 0, 2'5" 
Evidently the distance between two antinodes is 2/2. 
(b) At points marked N, the displacement of the particles is zero. The particles at these points are 
F AÀ 3A SA 
at rest. These are called nodes. The nodes are situated at x = di AM EA 
Here also the distance between two nodes is 4/2. Again the distance between one node to next 
antinode is 2/4. 


In fig 5.8 we show only the resultant wave formed by the superposition of the identical progressive 


4+2A 
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f= 
—2A 
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waves. Here we can have better idea regarding the formation of nodes afd antinodes. The superposing 
waves are not shown. Each wave is formed after a time interval T/4. 


In the single fig. 5.9, all the resultant waves produced at different time intervals are shown. The 
appearance of the vibrating string is evident from this figure. 


peser e is ee aa d : 
2A 
JA gerere: ^ Ld 


=V2A imp veiut, » 
2A 
basa 


Fig. 5.9 


The resultant wave pattern appears to be stationary is space and does not move in any direction. 
Hence the wave pattern is called stationary wave. 


NUMERICAL EXAMPLES 


Example 5.1. : The equation of a stationary wave formed by the superposition of two identical 
progressive waves travelling in opposite direction is given by : 


y=A cos Kx:sin wf [k = z] A = 1-0 mm, K = 157 cm” and o = 785 rad/s 


Calculate (a) the velocity of the superposing waves and 
(b) The amplitude of vibration of the wave at x = 233 cm. 
Solution : (a) The equations of the superposing waves are 


» - Sosin(or - Kx) and y, = sin(ot+ Kx) 


So th ld due. 40 en 
o the wave velocity, K L5; 7 30 emis 
(b) At a point x, the amplitude of vibration is a = A-cos Kx. 
TRIE TR T 
Kx = 1-57 x 2-33 =—x—=—=n+— 
MON 2 46 6 


45 


-. Amplitude of vibration = 1-0 cos (s +) E + mm - -0-866 mm 
Ex. 5.2. : The equation of vibration of a string of length 60 cm fixed at both ends is 


sl TX z 
y= 4-sin( cost ni). Here x and y are in cm and f is in seconds. 


(i) What is the maximum displacement of the particle at x = 5 em ? 
(ii) At what points along the wire the nodes are situated ? 
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(iii) What is the velocity of the particle at the point x = 75 cm and at the time ¢ = 025 sec. ? 
(iv) Obtain the equation of the superposing waves ? 

Solution : (i) For maximum, displacement of the particle cos (96 mf) = 1. 

So, the maximum displacement of the particle at x = 5 cm is 


TX .(nx5 
Ymax 74 s (E = a-sin( =) =3-46 cm 
(ii) At the node the displacement of the particle is zero. 


So, sin( =] =0 vem [n= 0, 1,2,3.. ] 


«x= 15n v. nodes are formed at x = 0, 15, 30, 45, 60 cm. 


ss 
(iii) Here, the displacement of the particle is Y = 4-sin (s (96 nt) 


-. Particle velocity, VP = = = -4 (96r) -sin (=) si (96 nt) 


Putting x = 7.5 cm and t = 025 sec, we get, 


17-5 


sp = 4 96n:sin{ ).sin(96n 0-28) o 


So, the particle velocity is zero. 
(iv) We put A = 2 cm, & -5 and B = 96 nt in the given equation. We get, 
y=2 À sina-cos B=A sin(a+B)+A sin (a-B) 


[Tx vac [mx 
-2sin (SE + 960} m (S-on) =y tX 


PR ue SENA 
Here the component waves are : y, =2 sin TEIA nt |and X? =2 sin TEH ni 


5.9. Characteristics of stationary waves : 

The stationary waves have the following characteristics : 

(i) Stationary waves are produced when two indentical progressive waves travelling along the same 
straight line but in opposite direction are superposed. 

(ii) Stationary waves are produced both by transverse and longitudinal waves. 

(iii) Crests and troughs or compression and rarefaction do not advance through the medium, but 
simply appear or disappear at the same place alternately. 


(iv) All the particles, except those at the nodes, execute simple harmonic motion. The amplitude of 
vibration is zero at the nodes and maximum at the antiriodes. The distance between two adjacent nodes 
or antinodes is equal to half the wavelength. 
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(v) The distance between two consecutive nodes is called a loop in which the displacements of all 
the particles are all in the same direction. 

(vi) The displacements of the particles in two consecutive loops are in the opposite directions. 

5.10. Distinction between progressive waves and stationary waves : 


l. These waves are produced due to 1. These waves are produced due to the 
continuous periodic vibrations of the superposition of two identical progressive 

particles of a portion of a medium. waves moving along the same line but in 
opposite directions in a medium. 

2. All particles of the medium except at the 


nodes execute periodic motions of varying 
` amplitudes. 


2. Each particle of the medium executes 
identical periodic motion about the mean 


position of rest. 
3. Wave advances with definite velocity. 3. Wave does not advance in the medium. 
4. Wave curve advances without change of 


shape. 


4. Wave curve changes form from time to 
time — it shrinks to a straight line twice in 
each period. 


5. The amplitude of each particle is same. 5. The amplitude varies continuously from 


point to point — it is maximum at the 
antinodes and minimum at the nodes. 


. The phase changes with time as well as 


6. The phase at any instant in same between 
with space. 


two consecutive nodes. If changes only in 
time. The phase changes by x from one 
loop to the next. * 


- In a complete time period all the particles 


7. In a complete time period, all the particles 
of the medium never come to rest together. 


of the medium come to rest twice together. 


5.11. Transverse vibration of string : 


We know that for vibration or for wave motion the vibrating body must have the property inertia 
and elasticity. The characteristics of a wire is that it can act as a vibrating body as well as a medium for 
wave propagation. 

In different musical instruments strings are used. 

For example, sitar and esraj are stringed instruments, + = 
In these instruments wires are kept under tension t 

and when these strings are plucked at a point musical 

sounds of different frequencies are emitted, When a 

wire fixed at both ends is plucked at a point, the | 

wire starts vibrating. At the plucked point two 

identical waves are produced which move in opposite 

directions along the wire [Fig. 5.10]. These two Fig. 5.10 

progressive waves get reflected at the two ends. 


These reflected waves Superpose on each other and the wire vibrates in one or in a member of 


segments. Thus different modes of vibration are produced and they have definite frequencies. The 
resultant wave is a transverse stationary wave. 
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A stretched string can also be set into longitudinal vibration by pulling the wire along its length by 
leather sheet. 


5.12. Fundamental frequency of transverse vibration of a string : . 


Consider a wire of length / stretched under a tension T between two fixed points. If the string be 
plucked or struck or bowed and then released, the transverse wave travels along the string and is reflected 
at the ends. A stationary wave is set up in the string. 

The two ends of the string is fixed, they are nodes. In the 
simplest mode of vibration one antinode is formed at the middle 
ie. the string vibrates in single segment [Fig. 5.11]. This 
vibration is called fundamental vibration and the sound emitted 
by the string is called fundamental tone. As the distance | 1 à 
between two consecutive nodes is half the wavelength then, / 

ENI (a) 

If n be the fundamental frequency and V be the velocity 

of the wave then; V = nd = 2L.n 


ON SER ne TE 
— 2l 21Nm CS pieles ete (5.4) n_a 
Where T is the tension in the string and m is the mass per ©) 
unit length of the string. Fig. 5.11 


Again if r be the radius of cross-section of the wire and p be the density of the material of the wire 
then, m = ap 


21\ar?p 2ir\ np 
5.13. Laws of transverse vibrations of stretched strings : 


The laws relating to the fundamental frequency of transverse vibration of a stratched string are as 
follows : 


(i) Law of length : The frequency of transverse vibration of a stretched string is inversely proportional 
to its length provided the tension T and mass per unit length m are kept constant. 


ie. na 1// if T and m are constant. 


(ii) Law of tension : The frequency of transverse of a stretched string is directly proportional to the 
square root of tension of the string provided the length and mass per unit length are kept constant. 


ie, na 1/J/T if / and m are constant. 


(iii) Law of mass : The frequency of transverse vibration of a stretched string is inversely proportional 
to the square root of mass per unit length provided tension and length of the string are kept constant. 


ie. na ]/4/m if T and / are kept constant. 
5.14. Different modes of vibration of a stretched string : 


We have seen in fig. 5.11 that when a stretched string vibrates in one segment, two nodes are formed 
at the two ends and an antinode at the middle. It is the simplest mode of vibration of lowest frequency 


1 
n given by n z 
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This mode is called fundamental mode [Fig. 5.12(a)] and 
the frequency is called fundamental frequency. The emitted 
— —— tone is called Fundamental tone. 

The modes of vibration of the stretched string can be 
i changed. The string may be made to vibrated in two, three, 

b cuu. four etc. segment as shown in fig. 5.12. 

N (a) IN (i) First overtone or second harmonic 

When the string is touched at the middle point of the 
rum cmm 2 string and bowed or plucked half way between one fixed end 
(b) and the midpoint, the string begins to vibrate in two segments 


[Fig. 5.12(b)]. Now, / = X, (wavelength of the wave). So its 
© anst EE-E -a 
A, Vm I\m 2lVm 


Fig. 5.12 It is called first overtone or second harmonic. 


(ii) 2nd overtone or third harmonic 


When the string is touched lightly at one third of its length from one end and plucked half way 
between the fixed end and the touched point, the string begins to vibrate in three segments [Fig. 5.12(c)]. 
Here 


32 3 iu 
=—; and frequency, n =—./— - 3n 
i RA 
It is the second overtone or third harmonic. 


In this way, by producing nodes at different points of the string and plucking it at suitable points, 
the string may be made to vibrate in four, five etc. segments. 


In general, if the stretched wire vibrates in p segments 


n, = [pn [p= 12,3 
Pam P P7 1 2, 3, od 
© Overtone and Harmonics : It is possible to set a string vibrate with its fundamental and several 
of its higher modes at the same time. This is accomplished by plucking or bowing the string vigorously. 


All modes of vibration except the fundamental, are called overtones. Fundamental is the lowest frequency 
tone. 


Those modes of vibration whose frequencies are integral multiple of the fundamental frequency are 
called harmonics. So, all harmonics are overtones but all overtones are not harmonics. 


It may be pointed out that the musical value of a note is enhanced by the presence of greater number 
of overtones. in case of sound emitted by a vibrating string, the possible overtones present is determined 
by the location of the point of excitation. 


For example (i) if a string is plucked at the middle, the point will be an antinode. Hence, all 
harmonics which have antinodes at the middle will be present and other harmonics will be absent. Fig. 
5.12 shows that Ist, 3rd, 5th harmonics have antinodes at the middle. So these harmonics will be present 
in the note while 2nd, 4th, 6th i.e. all even harmonics will be absent. So, in general, those overtones 
which have a node at the point of excitation will not be present in the sound produced by a string. 
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Musicians control the quality of sound emitted by stringed instrument like sitar etc. by plucking the string 
at suitable places. 


(ii) On the other hand, if a vibrating string is touched lightly at any point, a node will be formed 
at that point. Consequently, all overtones except those which have nodes at that particular point will be 
suppressed. Thus, if a vibrating string is touched at 1/3rd of its length, 3rd, 6th, 9th etc. harmonics having 
nodes at the point will be emitted and other are suppressed while playing the stringed instruments ; 
musicians suppress the undesirable harmonics by touching the string at suitable points with their fingers. 

5.15. Analytical treatment of vibration of a string fixed at both ends : 

Let a uniform string of length / is fixed at x = 0 and n = /. It is plucked at a point to produce 
transverse wave in the string. We assume that the wave travelled along the string in the negative x- 
direction and is reflected at the end fixed at x — 0. The reflected wave and the direct wave on superposition 
produce stationary wave in the string. The incident or direct wave travels along negative x-axis. So its 
equation is 


2 
J; =A sin rex) 
The reflected wave travels along positive x-axis. So its equation is 
NL 
y, 7 -A sin Sabe [-ve sign takes care of phase change at the rigid support] 
So, the resultant wave is y = y; + y, 
2n 2n 
“ y =A | sin — (vt 4x)-sin — (vt - x) 
J | n ( ) X ( | 


2 
“cos v =2A sin ZZ gps t 27 Ud rater ECOSSE EEN (5.6) 


-2A.sin 2B 


À 
Here T= E is the period of each wave. 


The equation (5.6) rèpresents a stationary wave. It is not a progressive wave because only functions 
such as f(v! — x) or g(vt + x) represents a travelling wave. 


2 
nyzR oso] R =2A-sin Lm and o -2] A lO ee DECANE Tos as (5.7) 


Evidently R is constant for a fixed value of x. Equation (5.7) is an equation of simple harmonic 
motion whose amplitude varies with x. Different particles have different amplitudes, but their time 
periods are equal. Such simple harmonic motions of the particles of a medium are called normal modes. 


* Different normal modes : 

Here the string is fixed at both ends. Hence the two boundary conditions which must be satisfied 
are 

(i) At x = 0, y = 0 (ii) At x = 4, y = 0. 

The first boundary condition that y must vanish at x = 0 is automatically satisfied by equation (5.6). 
Again at x = /, the displacement of the particle must bé-zero for all value of ż. 


2n 1 2n vt 
Aisin ————- 20 
2-A sin X cos 2 
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The requirement is satisfied for all values of ¢ only if 


271 27l 
in——=0 ».——=m =O. 2s 32.67 
sin X X n l 
For each value of n there is a corresponding value of 4. So we write 
2 21 
PU lows or Vy a E dy fast oral DAT UIT MORE (5.8) 


m V 
The frequency of vibration of the string is v,, SS 
n 


ge 
SEV yp =2 [Putting the values of V and 2,] 
21m 


It is to be noted that the value n = 0 is unphysical since then Ay — co and the frequency vo =0. 


Notice that A can take only discrete values corresponding to n = 1, 2, 3, ..... in equation (5.8). 
Different values of n give wavelengths of different normal modes of vibration of the string. 


Now, y 22A sin cos 2nv, t [ by equations (5.6) and (5.8)] 


(i) Fundamental tone or first harmonic : [n — 1] 
Putting n = 1 in equation (5.8), Àj =2/ ~. vj =—,/— 
and y=2A sin Foos 2nv,t =R cos 2nvt 


Here R=2A sins pris the amplitude of the fundamental tone. 


So, when x = 0 and x = /, R = 0 and y = 0. 

Y is not zero for any other value of x. Also at x = 1/2, the value of R is maximum. pA. 

Hence when # = 1, nodes are formed at the two ends and one anitnode is formed at the middle 
[Fig. 5.12(a)]. This simple mode of vibration is called fundamental or first harmonic. 


(ii) First overtone or second harmonic : [n = 2] 


T 
If we put n = 2 in equation (5.8), À, = [ and frequency. V3 -1 E 


Also y -2A rsin ŽE cos 2nvyt 


^ y 7 0, at x = 0, //2 and /. 
3l 
and amplitude R=2 A se (288) is maximum at x = //4 and x = sil 


E l 
, Hence in this case three nodes (at x = 0, //2 and /) and two antinodes (at x =//4 and x= 3 are 
formed along the string [Fig. 5.12 (b)] 
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So, the string vibrate in two segment in the case. 
(ii) Second overtone or third harmonic : [x = 3] 
When x = 3, the string vibrate in three segments. 


2l 3 
Its wavelength and frequency are A; TT and v, "Ad 
m 


We can also calculate the positions of different nodes and antinodes as in previous cases. 

S0; VV vacare s Dd 

5.16. Stringed instruments : 3 

Transverse vibrations of stretched strings find their application in the production of musical sound 
in stringed instruments. Various stringed instruments are employed to obtain musical sounds. As the 
sound emitted by a string is feeble the strings are mounted on a hollow wooden box known as sound 
chest, which acts as a resonant body. The vibration of the string induces forced vibration in the sound 
chest and the air inside it which intensifies the sound. 

In these instruments, a number of metallic or catgut strings having different lengths and thickness 
are stretched over the wooden box. The frequencies emitted by these strings depend upon the tension, 
the mass per unit length of the strings as well as the point of plucking or bowing. 

Stringed instruments are classified into three distinct categories depending on the manner in which 
the string is set into vibration. (i) In instrument like sitar, esraj, veana, guitar etc. the strings are set into 
vibration by plucking. (ii) In musical instrument like violin the string is excited by bowing. (iii) In the 
piano, however, the strings are of thin steel wire and they are set into vibration by striking with soft felt 


covered hammer. 
NUMERICAL EXAMPLES 


Example 5.3. A steel wire of length 40 cm and area of cross-section 0:2 mm? is stretched by a load 
of 4 kg-wt. If the string is set into transverse vibration, what is the frequency of the fundamental 
emitted by the string ? [density of steel = 77 g/c.c., g = 980 cm s?| 


Solution : The frequency of the fundamental, 5 “> ae 
pA m 


mass per-unit length, m= nr p =0-002x7:7=0-0154 g/cm [m = 0-002 cm?] 
and Tension T=4x1000x980=3-92x10° dyne, / = 40 cm 


6 
EA jee = 199-43 Hz 
2x40Y 0:0154 


Ex. 5.4. : A tuning fork is in unison with stretched string of length 75 cm. If the length of the 
string is reduced by 3 cm, the frequency of the string increases by 6 Hz. Calculate the frequency 
of the tuning fork. , 

Solution : Let the frequency of the tuning fork be n. Then the fundamental frequency of the 
stretched string of length 75 cm is also n. 


ift. D 
U^ 2I1Ym 2x75Ym 
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: E UE ES Ln E 
2x72 Ym n+6 150 


^. The frequency of the turning fork = 144 Hz 


Ex. 5.5. : A wire of length 100 cm is stretched by 005 cm when a tension is applied to it. 
Calculate the fundamental frequency of the stretched wire. Given, density of wire = 9'0 g/c.c. and 
Y = 9x10!! dyne/em?, 


Solution : net Pot E 
2/\m 2lYAp 
T 


0-05 
Here / = 100 cm, — strain x Young's modules = 
ere ^ g S 


also n+6= 


x9x10!! = 45x 10" dyne/cm?' 


1 [45x107 


"^300Y 9 


= 35-35 Hz 


Ex. 5.6. : A wire of length 50 cm and mass 0:5 g is stretched by 9:0 kg-wt. (i) Calculate the 
velocity of transverse wave in the string and (ii) What will be the frequency of the fundamental, 
first and second overtones ? [C.U.P. 1987] 


Solution : (i) The velocity of transverse wave, V= m 


m 
9x9.8x10* 
1 Ve ESI osi cy 
V 30x10* 


T = 9000 x 980 dyne 
ii) Fi f the fund: l n2—2—— —.-300 
(ii) Frequency of the fundamental, n 2i 7x50 Hz 


^. Frequency of the first overtone = 300 x 2 = 600 Hz 

and that of the second overtone = 300 x 3 = 900 Hz 

Ex. 5.7. : A vertical tube of length 200 em is filled with water and a vibrating tuning fork of 
frequency 256 Hz is held at the upper open end. Now the water in the tube is gradually drained 


out from the lower end of the tube, Calculate the position of the water level in the tube at first and 
second resonance. Neglect end error. Velocity of sound in air = 320 m/s. 


Solution : If /, and l, be the length of the air column at the first and 'second resonance then 


0-5 
-m = — = 0-01 
m 50 g/cm 


PEDA ^d m3, 
Al, Al < 


V 320x100 
th =—s = 31-25 E = 
Edu RUM 100 cm and /, = 3125 x 3 = 9375 cm. 


". Heights of the water column at the first and second resonance are 
= (200 — 3125) cm = 1687 cm and (200 — 93 75) cm = 10625 cm 
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— 


5.17. Comparison of velocities of longitudinal and transverse waves in 
stretched string : 


Both longitudinal and transverse waves can be produced in a string under tension. These waves 
move with different velocities along the wire. 


If a stretched string is stroked along its length with the help of a piece of resin-soaked leather, 
longitudinal vibrations are set up in the wire. 


Transverse waves can also be set up in a stretched string by plucking or bowing the string. 


Now, the velocity of transverse wave in the string is given by V, = E = E 
m Ap 


where T = applied tension, p = density of the material of the string and A = area of cross section 
of the wire. 


Also velocity of longitudinal wave in the string is 


Y 
Nr E { Y = Young's modulus of the string material] 


E. [rm Mel eel 
EN» R T YVT/A "V, VStes — JStrain 


+, In a stretched string the velocity of longitudinal wave is greater that of the transverse wave. 
5.18. Longitudinal vibration of a rod : 


Assume that a rod of length / = AB is rigidly fixed at the, mid-point ‘O’ [Fig. 5.12(a). If the rod 
is stroked along its length, a stationary longitudinal wave is set in the rod. Node is formed at the middle 
and two antinodes are formed at the two free ends. So the length / of the rod is equal to half the 


A 
wavelength. /=—>. 


[9] 
, Nov 
So the frequency of note emitted by the rod, ” = * = 2l 
where V = velocity of longitudinal wave in the string ^ B 
SNR CL e i 
g 20V p : p Fig. 5.12(a) 


Example 5.8. : The diameter of a stretched wire is 1:2 mm. If the velocity of transverse wave in the 
string be 50 m/s, calculate the tension in the string. Density of steel = 77 g/e.c. 


Solution : The velocity of transverse wave is V = x 
p 
<. T=V°Ap 
2 -8 V = 50 m/s 
=T= 7700 : 
T - (50). x367 x10 x i «ost 10%? 
22190 = 36 n x 10% m? 


= 222 kg-wt p = 7700 kg/m? 
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Ex. 5.9. : A tension of 245 N is applied to a uniform rope having mass 0:05 kem: Its lengeti 
is 30 m. A transverse pulse is created at the free end. After what time it reaches the other end ? 


" ` [T 
Solution : The velocity of transverse wave in the string, V, =,/— 
m 


[245 
SM, =,/—— =70 m/s 
' Y0.05 


The pulse will reach the other end in time ¢ where 


t= 70 = 0-43 sec 
Ex. 5.10. : A wire is stretched to produce elongation of 0:04%. Compare the velocities of 


‘longitudinal and transverse wave in the string. 


; ; [T | it 
Solution : The velocity of transverse wave in the string, V, =,/— = ^ 
m 


[Y ; 
and the velocity of longitudinal wave, V, =,J— [Y = Young's modules] 
p 


Now, y 1/^ . TL 
77/L OIA 
Oe OP = TL Ap 
V, p T IA T 


S RN UR NR l TELET TA 0 
pru IL. Jsman 0-04 dE eR AE TOES] 


5.19. Vibration of air column : 

Air column is a volume of air enclosed in a cylindrical tube. So it is bounded volume of air. We 
have seen that a stretched vibrating string is a source of musical sound in stringed instruments. Similarly 
a vibrating air column enclosed in a pipe or tube is also source of musical sound in different wind 
instruments (e.g. flute, organ etc.). A detailed study of the vibration of a bounded volume of air is 
essential for the understanding of wind instruments. 2 

Two types of pipes or tubes are used in wind instruments : 

(i) Closed pipe : The pipe is called closed when it is open at one end dnd closed at the other end. 

(ii) Open pipe : It is a pipe which is open at both ends. 

When the air column is set into vibration, stationary wave pattern is formed within the pipe just as 
in the case of a vibrating string. Difference is that in this case stationary waves formed are longitudinal 
in nature. 

5.19.1. : Stationary waves in a closed pipe and various modes of vibration : 

The closed pipe of length / is placed in the horizontal position along x-axis so that its closed end 
is at x — 0 and open end is at x — /. A sound wave is send along the pipe. It is represented as 


= 2 
yi =a sin m (Af ETE E Es (i) 
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The direct wave meets the rigid boundary at the closed end (x — 0) and is reflected back. It is 
represented as 


t2 
y =~ sit QU SEC ccc Die Io n (ii) 


The direct and reflected wave superpose giving rise to the standing longitudinal wave in the air 
column. The resultant displacement of the particle at x at time ¢ is 


2 
y=yı +y =a [s ZE (vi-x)-sin eee] 


2n TT 
c2a:cose n Mei ee (iii) 


where V = TA is the velocity of sound wave. 
y p 


Evidently at x = 0, y = 0. So, the closed end is a node. The resultant displacement at x = / will be 
maximum (positive or negative) since the open end is free. This condition is satisfied if 


2 
sin mb 
À 
2nl Li 
ii LE -Qpr)- E (iv) where p = 0, 1, 2, ..... 


e First mode of vibrations : Corresponding to p = 0, the equation (iv) gives the first mode of 
vibration in case of a closed pipe. 


If the wavelength of the standing wave be A, for p = 0 then 4^] A TAA TAA 
21 
T C MH N 
Nya N 
So, for the first mode, 12A. The corresponding frequency [232 A 513 
ài 4 E 
peel 4 
NI 
of the wave is 7, = NS 4 
: | Al 1 
It is called the fundamental mode or first harmonic. 
e Second mode of vibration : Corresponding to p = 1, the as Ne 
equation (iv) gives the second mode of vibration. If A, be the N 
wavelength of the waves produced in the pipe for p = | then 
2nl 3x 4l Fig. 5.13 
= LAGE 
K2 3 
: Me 3M 
and the frequency of the wave is m —— 77, = 3n 
Àj Al 


It is called first overtone or third harmonic. 


© Third mode of vibration : The equation (iv) gives the third mode of vibration when we put p = 2. If 
À, be the wavelength of the wave corresponding to p = 2, we get 
2xi- SF ee 
Se ee 


Renee) 5 
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and the frequency of the waves, "35X7 4] 


It is called the second overtone or fifth harmonics. 
It follows that the frequency of the nth mode of vibration is 


v 
np =Qp+) = CPt Vn 


It is called (p + 1) th overtone or (2p + 1) harmonic. 

Thus in a closed pipe, the frequencies of the normal modes o 
ratio 1:3: 5: etc. 

Hence in the closed pipe only odd harmonics are present. 

5.19.2. Stationary waves in an open pipe and various modes of vibration : 

We assume that the pipe is held along x-axis, one end being at x = 0 and the other end at x = /. 


f vibration of the air column are in the 


QT. 
The incident direct wave is Yı =4 Sin ec —- x) [No phase change during reflection] 


When it reaches the other end of the tube it is reflected back. 

Since the air outside the tube has more freedom of movement than that in the interior, we can treat 
them to be different media. The open end acts as the interface where reflection takes place. Effectively. 
here reflection occurs from denser to rarer medium. Now, the reflected wave is given by 


yı =a sin Nen) 
The resultant stationary wave pattern is y = Y, + Y» 
ei 12 TE 2n 2n 
^ y=a | sin —(Vt - x) sin — (Vt +x) | = 2 «sin. — Vf-cos — 
y | x ( ) x ( | a-sin cos 
Here the displacement is maximum at x — 0 and x = l. 


2n 
At x = 0, cos s =1 So the first open end is an antinode. 


The other end (x = /) will be an antimode if 


NEA IV EN 
2nl 
cos — = +l 
N À 
monk ‘ 
o e uere Die Uc b TM () 
Ay l=) ae 
(er IA SAT e First mode of vibration : p = | in equation (i) 
gives the simplest first mode of vibration. Its wavelength 
^ is A, where 
2nl 
ie Se = QU QUE NUN 
a ASA i 2 
(a) (b) (c) and the frequency is 7 Do A 
à, 2l 


Fig. 5.14 
It is called fundamental frequency or first harmonic. 
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e Second mode of vibration : Corresponding to p = 2, the equation (i) given the second mode of 
vibration. The wavelength of the wave is 


2al x sa =l 
Àz 
Ve VRC 
d the frequency is m 2—-—-—-- 
and the freq y 2 he PD 2n 


It is called the first overtone or second harmonic. 
e Third mode of vibration : If à, be the wavelength of stationary wave for p —3 then the equation 
(i) gives 
2nl 3A3 2l N38) 
M 23m d= —* Ag == C The frequency, niss ay 
£ 2 3*3 x seb DR E 


It is the second overtone or third harmonic 


-3n 


V 
So, the frequency of the p th mode of vibration 7, = P = pn, 


It is called (n — 1) th overtone or n th harmonic. 

Thus, in an open pipe, all harmonics (even as well as odd) are present. 

e So, the sound produeed by an open pipe is more musical than a closed pipe. This is due to the 
fact that in the sound emitted by an open pipe all harmonic (even as well as odd) are present. But a closed 
pipe can produce a sound containing only the odd harmonics. ' 

5.20. Frequencies of fundamental in closed and open pipes of same length : 

Let the length of both the closed and open pipe be /. 


Vv 
Then the frequency of the fundamental of closed pipe is "c ny 


where V = velocity of sound in air 


Again. the frequency of the fundamental of open pipe is 
V V 
=—=2—= 
map ae 


So, the frequency of the fundament 
of closed pipe when their lengths are equal. It means that op 
higher than the closed pipe fundamental frequency. 


5.21. Effect of temperature and humi 


al of the open pipe is twice the frequency of the fundamental 
en pipe fundamental frequency is one octave 


dity on the frequency of air column : 


M ; Vv P 
Fundamental frequency of a closed pipe, 7: = a and that of an open pipe, 7 = SE So in both 
c 0 


the cases the frequency of the emitted sound depends. on velocity of sound in air. Thus if the velocity 
of sound in air changes, the frequency will also change. Now, velocity of sound in air depends on 
temperature and humidity of air. Hence frequency of sound: emitted by a closed pipe or open pipe 


depends on temperature and humidity of air. 
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* Effect of temperature : The velocity of sound in a gaseous medium is proportional to square root 
of its absolute temperature i.e. VaT. It can be shown that V = V, (1 + 000183 2) 

So, the frequency of the fundamental emitted by a closed pipe at °C is 


PS Et 0018)... roD 
De 4l, 


c 


n 


where n’, = frequency of the fundamental at qu; 
So, frequency of sound increases with temperature. 
Similarly in the case of open pipe, the frequency of the fundamental at PC is 


-V _ Vo(1+0-001837) 


= m (1+ 0-001837) 
2h 2h s 


* Effect of humidity : The velocity of sound in air also depends on its humidity. It is found that 
velocity of sound increases with humidity of air. So, in this case also the frequency of sound emitted by 
closed pipe or open pipe increases with humidity of air. 


5.22. Determination of velocity of sound or frequency of a tuning fork by 
resonance air column method : 


Theory : This air column in à closed pipe has its natural frequency of vibration, This natural 
frequency depends on the length of the air column. When a vibrating tuning fork is held at the open end 


If the resonance is obtained at the minimum length of the air column, it means 
that the frequency of the fundamental of the air column is equal to the frequency 
of the fork. Under this condition, from the theory of closed pipe we know, A = 4/. 

Here À = wavelength of the fundamental of the air column. 

= length of the air column. 


Then the velocity of sound is V = n) = 4nl 
of the fork] 


Apparatus : Simple sketch of the apparatus required for determining the velocity 
of sound in air by resonance air column method is shown in fig. 5.15. A is a long 
cylindrical glass jar containing water. B is a uniform glass tube open at both ends. 
The tube can be raised or lowered into the water of the glass jar and length of the 


CU or cine li (i) [n = frequency 


f So, we can measure the velocity of sound ‘V’ if ‘w is known by the 
Fig. 5.15 equation (i). 
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€ End error and its elimination : So far, we have assumed that the antinode is formed exactly at 
the month of the tube. Strictly speaking this is not so. The antinode is formed at a certain distance beyond 
the open end. The distance of the antinodal point beyond the open is called ‘end-error’. For this 
we have to apply a correction. It is called ‘end-correction’. According to Lord Rayleigh the end correction 
is x = 06r where r is the radius of the tube. 
So, if we apply the end correction, the wavelength of the fundamental of the closed air column is 
MAO OOTY . 2 See cux He Oe (ii) 
z. Velocity of sound is V = 4n (/+067r).......... (iii) 


e Elimination of end correction : To eliminate the end correction, the tube is raised further until 
second resonance is obtained. This occurs when the frequency of the first overtone (or third harmonic) 
produced by the new length of the air column is equal to that of the tuning fork. If this new resonant 
length be /, then, 


pag ALLANT LOU aa E quU deo UE Non (iv) 
" REN 
From (ii) and (iv), mm pl E E E A RE sub. (v) 
«s. Velocity of sound is V = 2n (h - D... (5.16) 


e Determination of end correction : End correction is x = 06 r. 


Hence x can be determined by measuring the internal diameter (d)-of.the- resonant tube» by-slide 
callipers. So, x = 0:3 d. 


Alternatively, end correction x can also be determined by measuring the first and second resonant 
length of the air column in the closed tube. If these lengths be / and /, then, 


lex eJ and (nee 
4 4 


1, - 3l 


= 3(/+x) =h, +x or, x= 


e Determination of frequency of a unknown tuning fork : We can employ the equation 
(5.16) to determine the frequency of the fork. For this we take a tuning fork of known frequency 
and determine the velocity of sound (V) in the air column as described earlier. Then the two 
resonant lengths of the air column with the unknown fork is determined. If /, and /, be the two 
resonant lengths then A = 2 (4, — L) 


ques PME 
2 (lh -1) 

Example 5.11. : A tuning fork of frequency 480 Hz prodüces first and second resonance with the 
lengths of 165 cm and 52:5 cm of an open pipe. Calculate velocity of sound and end correction. 


". frequency. nis 
ate y x 


À 
Solution : The difference between the second and first resonant length is h -/ = zu 


Here /, = 525 cm, / - 165 cm ` 
À= 2 (l -D = 2 (525 -= 165) = 72 cm. E 
v. Velocity of sound, V = nd = 480 x 720 cm = 3456 m 


Phy (D—53 
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A 72 
Next for the first resonance, /*x 2—-7 — —18 


4 4 
“x= 18 - 165 = 15 cm. 


Ex. 5.12. : The fundamental frequency of an open pipe of length 100 cm is in resonance with 


a sonometer wire of length 45 cm. Calculate the tension in the string if its mass per unit length be 
01 g/cm and velocity of sound in air be 332 m/s. 


Solution : The frequency of the fundamental of the open pipe is 


jpn rae ne neem 
‘2h 2x100 


and the frequency of the fundamental of transverse wave in the string is 


1 f 1 £ 
m-z—j—-2-——4L Hz 
2l 2x45 Y0- 


". By question, saan - euo EU - (90 x 166) x 0-1 dyne 


^. the required tension = 2277 kg 


Ex. 5.13. : The length of an open organ pipe is twice the length of a closed organ pipe. If the 


fundamental frequency of the open pipe be 100 Hz, what is the frequency of the third harmonic 
of the closed pipe ? 


V 
Solution : In the case of open pipe, its fundamental frequency is = 2n and the frequency of the 
: 0 


third harmonic of a closed pipe is n, = i 


Here n = 100 Hz and h =2/, ~. $22 


3 
mh = 3i 100x2- 300 Hz .. The required frequency = 300 Hz. 


Ex. 5.14. :. A tube of uniform diameter and length 48 cm is open at both ends. Its fundamental 
frequency of reasonance is found to be 320 Hz. The velocity of sound in air is 320 ms~'. Estimate 


the diameter of the tube. One end of the tube is now closed. Calculate the lowest frequency of 
resonance for the tube. 


[LLT.] 
Solution : If x be the end correction, then the wave length of the fundamental mode of vibration 
in the open pipe is 


Pes T TTL: 
2 2 


Now, wavelength of the fundamental, 4 = 


` 48+0: sd- 


So n = Im = 100 
320" 7 Im= cm 


<. d = 3-33 cm 
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2nd Part : If one end is closed, the tube now behaves as a closed pipe. So for its fundamental mode 
of vibration 


slx LÀ 4x (4840:3x 3-33) = 196 cm 


V. 320x100 


So, the lowest frequency of resonance is ” = «X FOE = 163-3 Hz 


5.23. Beats : 
There is another class of phenomenon related to the principle of superposition of two progressive 
waves having slight difference in frequencies. The phenomenon is called beats. 


Definition of beats : When two progressive harmonic waves having nearly equal frequencies 
travelling in a medium along the same direction superpose on each other, the intensity of the 
resultant sound at a point on the medium rises and falls regularly with time. These periodic 
variations in the intensity of sound due to superposition of two sound waves of slightly different 
frequencies are called beats. 


A beat consists of one rise and one fall of intensity of the wave. The time interval between two 
successive beats is called beat period and the number of beats per second is called beat frequency. It can 
be proved that the number of beats per second is equal to the difference of frequencies of the two 
component waves. 


* Formation of beats : The formation of beats can be studied both graphically and analytically as 
given below. ! 


(A) Graphical method : Se 
We consider two trains of | _ 

: i x,710 (a) 
harmonic waves of slightly 
different frequencies. These 
waves are travelling in a * 
medium with equal velocity. For 
better understanding, we 

j : x. (b) 
consider two wave trains of `? 
equal amplitude and having 
frequencies 10 Hz and 8 Hz 


respectively. In 1 sec the two "d 
waves will cover the same M (c) 
distance as their velocities are E 
equal. But in this distance, the i E 
number of waves due to the first MAX MAX MAX 


and the second wave trains will Fig. 5.16 

be 10 and 8 respectively as 

shown in fig. 5.16(a) and (b). When the two waves superpose on each other the resultant displacer»ent 
at each point is obtained from the principle of superposition by adding the displacements of the two 
waves by algebraic addition at each point. The resultant wave form will be as shown in fig. 5.16(c). The 
amplitude and hence its intensity becomes maximum at A, C and E and minimum at the points B and 
D. So two beats are formed in one sec — one between A and C and the other between C and E. 


(B) Analytical Method : By actual calculation we can show that the beat frequency i.e. the number 
of beats per second is equal to the difference between the superposing frequencies. 


\ 
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p travelling in the +x direction 


We consider two harmonic waves of frequencies 7 and n, (nj > n 5 
The displacements of the 


in a medium. the waves reaches the point x of the medium simultaneously. 
particle dus to the two waves at any instant will be given by 


zu 


yi7asin vt — x) and y; =b sin x (Vt -X) [V = velocity] 
2 


1 
Here the waves have same velocity. But frequencies and wavelengths are different. To simplify the 
calculation we assume that the observation point be located at x — 0. Then the above two equations 


reduces to 


; M 
yy, =a sin 2n nt ire 
1 


M 

and Y; =b sin 27 mt | m 7 — 

4 ho i 
Using the principle of superposition, the resultant displacement is given by y = y, + Y 
` nya sin 25 mt b sin 2n(m +n)t [Putting n, = n, + n] 
= sin 2m ny (b cos2 nt a) - b cos 2n nyt-sin 27 nf 
Let b cos 2x nt +a = Rcos $ and b sin 2x nt = R sin > 
z. y=R sin 2x nt-cos à +R cos 27 nyt:sin > 


SR sin(2m MEEO) . occ. cece Im (i) 
Here R? =(b cos2n nt ay. +(b-sin2n nt) 
Sa *b? +2ab cos 2n nt «de eee cet (ii) 


b sin 27 nt 
a+b cos 2nnt 
So we see that the resultant wave is a simple harmonic wave with its amplitude R changing with 
time [Eqn. (ii)]. 
© Minimum and Maximum Value of R : 


and tan >= 


I S 
i) R is mini t=—, —, La t ER 
(i) R is miniy when On? an? 2n hen cos 27 nt l 
and R - Ja? «b? -2ab = (a-b) (Minimum) 
T i 1 1425344 
(ii) R is maximum when / 2 —,— —,— +. then cos 2r nt = 1 
nnnn 


and R= Ja? +b? +2ab =a+b (maximum) 

Hence the minimum intensity of the resultant wave is lyin = (a — by 

and the maximum intensity is Ima = (a +b) 

Now, if the amplitudes of the superposing waves be same, a = b. then li, = 0 and 1,,, = 4a? 


So the intensity of the sound fluctuates between maximum and minimum values. So throbbing sound 
wili.be heard. 
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Time interval between two maximum intensities, t; = 1/n sec 
and time interval between two minimum intensities, t, = 1/n sec. 
As t, = b, the time interval between two maximum T 


intensities and two minimum intensities in l/n sec. Romx R 
So, the beat period is T — l/n sec. with beat " 
frequency is n 


where n = n, — nj. So the beat frequency is the 
difference between the two superposing frequencies. 


The fig. 5.17 shows how the intensity (i.e., R2) of 


: TONS R?min 
the resulting wave varies with time. 


je T t 
So, the intensity or loudness varies periodically with 
time. Fig. 5.17 
5.24. Condition of perception of beats : ¢ 
Beats formed due to the superposition of two sound waves may be heard clearly if the frequencies 
of the two waves do not différ by more than 10 Hz. If the beat frequency is more than this value, due 
to persistence of hearing the ear can not distinguish the variation of loudness of sound. In that case 
continuous note is heard. 


Also, the difference of amplitudes of the two waves should not be large. Otherwise beats cannot be 
clearly recognised. As loudness of sound depends on amplitude, if the difference of amplitudes of the 
@vo waves be very large then the fluctuation of loudness due to formation of beats may not be clearly 
heard. 

5.25. Practical application of beats : 

(A) Determination of Unknown frequency : The phenomenon of beats can be applied to determine 
the unknown frequency of source of sound. For this we have to take another tuning fork whose frequency 
is known and its frequency is nearly equal to the unknown frequency so that when the two forks are 
sounded together, beats can be recognised. The number of beats per second is counted. If the beat 
frequency is n then n = n, ~ n; 

When n, is the unknown frequency and n, is the frequency of the known fork. Next to decide whether 
n, is greater or smaller than 7, one prong of the unknown fork is loaded with some wax. As a result its 
frequency will decrease. If now, the number of beats per second increases, it means that n, <7). On the 
other hand if the number of beats per second decreases, n, > n, Hence n, can be determined. 

(B) Detection of poisonous gases in mines : With the help of the phenomenon of beats, the 

existence of poisonous gases in mines can be detected. It is done in the following way : 
Two identical organ pipes are taken. Now, one is filled with pure dry air and the other with the air of 
the mine. The pipes are then blown together. If the mine air be pure, no beats are heard. But if it is 
impure, the velocity of sound in it changes and so the frequency also changes while the wavelength 
remain unchanged. 

Example 5.15. : The frequency of a tuning fork is 255 Hz. It produces 5 beats per second with 
another tuning fork. When some wax is attached with one prong of the second tuning fork, 8 beats 
per second it are produced. Calculate the frequency of the second fork. 

' Solution : The frequency of the first fork is n, = 255 and number of beats is 5. So, if the frequency 
of the second fork be n, then, n, = n + 5/6255 t5 


So, n, - 260 or 250 Hz. 


a 
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Next it is given that if the second fork is loaded with wax beat frequency increases to 8. It means 


the difference of frequency increases. Hence the frequency of the second fork is less than that of the first 
fork as second fork frequency decreases when loaded with wax. 


7. The frequency of the second tuning fork is 250 Hz. 


Ex. 5.16. : 50 tuning fork are arranged in order of increasing frequency. The frequency of the 
last fork is double that of the first fork. Any two consecutive fork produce 5 beats per second. 
Calculate the frequency of the first fork. 


Solution : Assume that the frequency of the first fork is n 


So, the frequency of the last fork is 2n. As 5 beats per second is produced between any two 
consecutive fork, the frequencies are 


h.n Son 10: utm 2n 

n n+ (50-1) 5 = 2n “n= 245 Hz 

So the frequency of the first fork = 245 Hz 

Ex. 5.17. : When sounded together two tuning forks produce 8 beats per sec. The first fork is 
in resonance with a closed pipe of length 32 cm. The second fork can produce resonance with the 
same air column if its length is increased by 1 cm. Calculate the frequencies of the two forks. 

Solution : Let the frequencies of the two tuning forks be n, and n,. 

Then either n, - m = 8 or n- n = 8 


The first fork produces resonance with a closed pipe of length 32 cm. and the second fork with the 
closed pipe of length 32 + 1 = 33 cm. 


V 
e d eem S " i 23 
Dir redu Gy saa [V = velocity of sound in air] 


m 33 T 
A 733 -^ »m Hence n -n = 8 
33 


Sepe mds =8 ~<. m -256 Hz and n, = 256 + 8 = 264 Hz 
So, the required frequencies are 256 Hz and 264 Hz. 
Ex. 5.18. : In any gaseous medium two waves on superposition produce 6 beats per second. The 
wave lengths of the two waves are 50 cm and 50:5 cm repectively. Calculate the velocity of sound 
in the medium. 


Solution : We know, velocity of sound in a gaseous medium, V = nA 
Where n is the frequency and A is the wavelength of the wave, 


? V 
If n, and n, be the frequencies of the two waves then, 7; 7 — and nj = 30.5 


So, nn s5nm-n = 6. 

ed 0 dag ADSM ioc es 

^ $0 50.5 5595 9$ ^ V = 30300 cm/s 

-. Velocity of sound in the gaseous medium = 303 ms~!. 


Ex. 5.19. : The length of a glass cylinder 50 cm and volume 400 c.c. A vibrating tuning fork 
of frequency is held at the mouth of the cylinder. Now water is slowly poured into the cylinder. 
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When the volume of water poured into the cylinder is 130 c.c. resonance is obtained. Calculate the 
velocity of sound in air. 
Solution : When resonance takes palce, the volume of air in the cylinder is = 400 — 130 = 270 c.c. 
270 135 


^ The th of i 12——x50-— 
The length of the air column, 400 x 4 cm 


: npe V 
Now, in the case of closed pipe frequency of the fundamental, ” ay 


135 
.V=4n=4 PS 256 = 34560 cm/s. = 3456 m/s 


So the velocity of sound wave in air = 3456 ms“! 


Ex. 5.20. : The frequencies of three tuning fork are 400, 401 and 402 Hz. They are sounded 
together. Calculate the number of beats per second. Assume amplitudes of vibration of the fork to 
be equal. 


Solution : Let the equations of the three waves be 
yı 2 a:sin 2n-400-t=a sin 800 nt 
J2 =a-sin 2n-401-t=a sin 802 nt 
y3 7 a:sin 27 -402-t =a sin 804 mí 
By the principle of superposition, the resulant wave is 
VEY +y: +y = a[sin 800 nf +sin 802 n +sin 804 xr] 
=: a[2-sin 802 nt-cos 2 xt +sin 802 zt] 
=a(1+2 cos 2nt)-sin 802 xt = A sin 802 nt 
Where A =a(1+2 cos 27t) is the amplitude of the resultant wave. 
A is maximum when cos 2nf = 1 21 -22Knx [K =0, 1, 2, .....] 
So, maximum sound will be heard when f= 0, 1, 2,3,..... 3 


So, the number of beats per sec. is 1 
«Again A will be minimum when | + 2 cos 2z/ = 0 


<. COS 2nt --5 2h aue 2kn+ Dt [K = 0, 1, 2 


So, the sound of lowest intensity will be heard when 


«<. No. of beats per second, n= menm 


EY us] 


Ex. 5.21. : A sonometer is provided with two stretched strings. Their tensions are in the ratio 
8:1; lengths in the ratio 36 : 35 ; diameters in the ratio 4 : 1 and densities in the ratio 1 : 2. If 
the strings are sounded together how many beats per sec will be heard ? 


The frequency of the sound with higher pitch is 360 Hz. 
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Solution : The frequency of the fundamental of a stretched string is 


ALL 
-2iYm 2ir\ np 


Here / = length of the string, T = tension, r = radius of the wire, p = density. 
If n, and n, be the frequencies of the two wires of the sonometer then, 


c. 2 6 fl, m 35,1, 8. E 
T Y» 36 4 


^m 36 Here n, = 360 


nme 360.33 = 350 Hz 
36 
*. No, of beats per second or beat frequency = 360 — 350 = 10 Hz. 


* SHORT ANSWER TYPE QUESTIONS (With Answers) € 


Question 1. What are the characteristics which distinguish one harmonic wave from another? 

Ans. The distinguishing characteristics of a harmonic wave are : 

(i) amplitude, (ii) frequency, (iii) wave velocity, (iv) phase. 

Q. 2. If the mass providing tension to a string is immersed in water, how the frequency of 
sound emitted by the string changes. 

Ans. The frequency will decrease. Reason : The frequency no VT [T = tension] 

Now, if the mass providing tension to the string is immersed in water, its apparent weight will 
decrease. Tension to the string will decrease. Hence its frequency of transverse vibration also decreases. 

Q. 3. When an empty bucket gradually filled with water, the pitch of the sound produced 
gradually increases. Explain. 

Ans. The bucket may be treated as a pipe closed at one end. If the depth of the empty bucket be 


I then the frequency of the fundamental produced by the bucket is ” 2 [V = velocity of sound in air] 
Now, as the bucket is gradually filled with water, the length of the air column also decreases. As 
à result the frequency of the fundamental increases. Hence the pitch of the emitted sound increases. 
Q. 4. What is the characteristic form of a wave function that represents 
(i) a travelling wave and (ii) stationary wave ? 
Ans. (i) A travelling wave is characterised by wave functions of the type y = f(vt + x) or y =g (vt - x) 
(ii) A stationary wave is described by periodic function of the type y = f (1) g(x) 
`Q. 5. Two open pipes of equal lengths produce fundamental of different frequencies at the 
same temperature. How is it possible ? 
Ans. If the frequency of the fundamental emitted by an open pipe be n, then 


V 
“(1+ 0-6d) Id = diameter of the tube] 
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Here 0*6 d is the total end correction. Evidently the frequency of the fundamental emitted by the 
two open pipes of equal length will be different if their diameters are different. 

Q. 6. An open and a closed pipe produce fundamentals of equal frequencies. What is the ratio 
of their lengths ? É 

Ans. Let l, = length of the closed pipe and /, = length of the open pipe. Then the frequency of the 


fundamental emitted by closed pipe is n, = + and the frequency of the fundamental emitted by the 
e 


open pipe is n = zn 
0 


Yi Toe 
Here n 2n.  So——--- 4-2 SEA 
dc a ah eases Tee ae TE 
Q. 7. If the temperature of closed pipe or open pipe is raised how does the frequency of the 
emitted sound change ? 
Ans. The frequency of the sound produced by a closed pipe or an open pipe is directly proportional 
to the velocity of sound in air. 


So, na V; or e LT. 
m Vo To 


where n, = frequency at PC and n, = frequency at 0°C. 


V2 
DE CIE -(«35) =1+0-00183 ¢ 
m Y 273 273 


2h") - 9.00183 t = 9483 1 % 
No ; 


Q. 8. A stretched string is producing transverse wave. Explain which harmonics will be 
suppressed when it is touched at 1/4 of its length ? 

Ans. The point where it is touched will be a node. So the harmonics whose one node falls on that 
point will be emitted and others will be suppressed. So, only 4th, 8th, 12th ..... harmonics will be emitted 
and all other harmonics will be suppressed. 

. Q. 9. How does the frequency of the fundamental emitted by a stretched string change in the 
following cases : 

(i) length is made double, (ii) tension raised to four times. 


, 1 
Ans. (i) The frequency of stretched string is ^ & 1 [/ = length of the string] 


^ n 1= constant. So, if the length of the string is doubled then, 7* I2nx2l n= 2 


So, in the frequency will be halved. 
(ii) Also the frequency of the string n a JT 


me fe 4T 5 sn =2n 
Mosa om Vr : 


So, in this case the frequency will be double. 
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Q. 10. What will happen to the frequency of the fundamental produced by an open pipe if its 
one mouth is suddenly closed ? 


Ans. Tbe frequency of the fundamental will be half. 


V s : 
Reason : In the case of an open pipe, the fundamental frequency is “==. If its one open 


4 di 
end is suddenly closed, it will behave as a closed pipe. So frequency of the fundamental will be now 
NL 
AL 
ee im) Sen s 
fot v pm n= 
21 2 2 


* MISCELLANEOUS EXAMPLES e 


Example 5.22. : The wave represented by the equation y =a cos (Kx — wf) on superposition with 


another wave produces a stationary wave whose one node is formed at x — 0. Obtain the equation 
of the second wave. 


Solution : To produce stationary waves the superposing harmonic waves must be identical i.e. the 
frequency, velocity and amplitude of the waves should be equal. Also they must travel in the opposite 
directions along the same straight line. So, the second wave equation may be as 


J =a sin(Kx+r+6) [0 = phase angle] 
So, the equation of the resultant stationary. wave is y' = y + » 
gma [cos(Kx -wt)+cos(Kx + ar + 8)] 
It is given that at x 20, y' - 0 
a [cos(-or)-* cos(or +0)] = 0 
“2 cos œf = —cos(or +) = cos(ot ++ x) 
“Ot=o+O0+n 702-5 
^. The required equation, y, =a cos (Kx +of—n) 2 —a cos (Kx *ot) 


Ex. 5.23. : A wire is kept on two bridges 25 cm apart and is stretched by 0:04 cm by the 
application of a tension. If the density of the material of the wire be 10 g/c.c, and Young's modulus 
9x10" dyne/em?, find the frequency of the fundamental tone of such a stretched string. 


|J.E.E. 1987] 
Solution : The frequency of the fundamental of a stretched string is 


INT 
n= aE [L = length of the string] 
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n 
nl; [sto x0-04 = 240 Hz 
50 25x10 


~. The required frequency = 240 Hz. 

Ex. 5.24. : A uniform wire of length 12 m and mass 6 kg is hanging from a rigid support. A 
load of 2 kg is attached at the lower end. If a transverse wave pulse is produced at the lower end 
of the string, what will be its wavelength when it reaches the upper end of the string ? | ET.] 


Solution : The velocity of transverse wave in a stretched string is 


VaT [T = tension of the string] 


Mile ipsos HL cos sio 

Vj ^ m MORRISON, T 
8 

hy =0-06% 7 70-12 m 


<. The wavelength of the wave at the upper end = 0:12 m. 
Ex. 5.25. : A rope of mass 01 kg and length 245 m is hanging from the roof of a room. What 
is the velocity of transverse wave at a distance of 0-5 m from the lower end ? How much time will 


the wave takes to travel the full length of the rope ? 
Solution : The tension at a point on the string at a distant h metre from the lower end is 


T = mh x g [m = mass per unit length of the string] 
~. Velocity of transverse wave at that point 


vai. mhz eh 
m m 
sV249:8x0-5 [h= 05 m] 


= 221 ms 
he lowest point of the string tension T = 0 and so that velocity at the lowest point is also 


Now, at tl 


zero. If the length of the string be / then, the velocity of the wave at highest point will be V= Jal 


If the wave takes a time ¢ sec to move from the lowest end to the highest end, then acceleration of 


the wave is 
PECES 
t t 
l 
jan ft eee nsa AREA Ie 
2 2Jb gl g 
2-45 
VL - x 
x 9.8 1 sec 


Ex. 5.26. : One mouth of an open pipe is suddenly closed. It is found that the frequency of the 
third harmonic of the closed pipe is greater by 100 Hz than the frequency of the fundamental of 
the open pipe. Calculate the fundamental frequency of the open pipe. |E ET. 1996] 
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Solution : \f | be the length of the open pipe so its fundamental frequency is 


n 2 [ V = velocity of sound in air] 
V 
With one end being closed, its fundamental frequency, /; “a 
p n t 3V 
and the frequency of the third harmonic of the closed pipe is 73 = 3n; SEPTA 


bl 2 ect AM 
Now, by the problem, ar 75] 


^ Fi he l 100 (n, = fundamental frequency of the open pipe] 
^ My = 200 Hz. 


Ex. 5.27. : At 10*C the frequency of the fundamental of an open pipe is 400 Hz. What will be 
its frequency at 40°C. 


m V 
Solution : The required relation VE 
nmn A er Bs =400x EIS 

M T 283 


^en = 42066 Hz 


Ex. 5.28. : A wire of length 25 cm and mass 2:5 gm is under a fixed tension. The length of a 
closed pipe is 40 cm. When they are sounded together first overtone of the string and the fundamental 
of the closed pipe produce 8 beats per second. If the tension of the string is lowered beat frequency 
is found to decrease. If the velocity of sound in air be 320 m/s, calculate tension of the string. 

1 |J.E.E. 1993] 
Solution : The fundamental frequency of the closed pipe is n= MM, rd 


eee 200 
4l" 4x40 Br 


and frequency of the first overtone of the string, 7, z i 
m 


l T. 2*5 
Sm =—x./— vm-z-—zz0.06g/ 
n 25” 01 [^ 25 0-1g n] 
By problem, n, -n= 8 orn-n-8 


Now, if tension of the string is lowered, its frequency decreases. Since the number of beats per 
second also decreases, it means that n, > n 


So, n -n=8 


ARD h y [ 
ee m—20028  .. 
25 Y0-1 


“T= (208 x 50)? x 0-1= 27-04x 105 dyne 
*. Tension of the string = 27-04 N 


=208x 50 
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Ex. 5.29. : 65 tuning fork dre arranged in order of increasing frequencies. When any two 
consecutive tuning forks are sounded together 8 beats per second is obtained. First and the last 
tuning fork are in unison with the fundamental and the third overtone respectively of a stretched 
string. What is the frequency of the first overtone T 

Solution : Let the frequencies of the tuning forks be n,, 1, .... ng. Also given, the difference in 
frequencies of any two consecutive tuning forks is 8 

VAe]nt(65-1x8-2n*501......e (i) 

Now, n, is equal to the fundamental frequency of a stretched string and n, is equal to the third 
harmonic frequency of the same string. Since third harmonic frequency is exactly three times the 
fundamental frequency, we can write nj, 737... . e (ii) 

Hence from equations (i) and (ii), 3n, — n, = 512. n = 256 

<. So, the frequency of the first tuning fork = 256 Hz. 

Ex. 5.30. : Figures 5.18(a), (b) and (c) show different standing waves on a string of length 20m 
and linear mass density 40x10? kg m^! under a tension of 100 N. The amplitudes of antinodes are 
indicated. 


0:08 m 0:04 m 
(a) (b) (c) 
Fig. 5.18 


(i) Find the frequency of the three modes of vibration of the string. 
(ii) Obtain the equation of transverse displacement y as a function of x and t for each mode. 
Solution : Velocity of transverse wave in the string is 


=50 m/s; 


4x10? 


j : MAUS $ WAT pv 
(i) The frequency of the string vibrating in p segments is m => = “5 


50 
= =——=12:5 Hz 
Case (a), p 1, so, n 2x2 
m 
= =—=—=25 Hz 
Case (b), p = 2, so, "2 751775 
3V 
Case (c), p = 3, so, ny ES meee eS Hz 


(ii) The string is fixed at x = 0, x = 1. It is given that at / = 0 the string is along x-axis. So at ¢ =0, 
y = 0. Hence displacement equation can be written as 


E 


Jas (221,7) [2A = amplitude at antinode] 


Case (a), 2A = 01 m p= 1, n = 12:5 Hz and / = 20 m. 
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J y=0-l sin( 5) -cos(2s nt) 


Case (b), 2A = 008 m, p = 2. n, = 25 Hz and L= 20 m 
7. y 20-08 sin(rx):cos(50 x) 
Case (c), 2A = 004 m, p = 3, x, = 375 Hz ånd / = 20 m 


<. y =0-04 so( enses ni) 


Ex. 5.31. : The frequency of the fundamental of an open pipe is 300 Hz. The frequency of the 
first overtone of the open pipe is equal to the frequency of the third overtone of a closed pipe. 
Calculate the length of the two pipes. Velocity of sound in air = 350 ms". 


Solution : Let the frequency of the fundamental of the open pipe be 7, 
Then the frequency of its first overtone = 27, 


Again. if the frequency of the fundamental of the closed pipe be n, then the frequency of its third 
harmonic =: 3n,. 


2 2x 300 

Now, by problem, 25 -3m = m= a^ X 3g 7 200 Hz 
<. fundamental frequency of the closed pipe n, = 200 Hz 

V 
2a AL = 200 [/, = length of the closed pipe] 

l, = M = 35000 = 43-75 em 

" 4x200 4x200 
LS SER a eese o h= 35000 5/69: 37 an 

2l, 2x300 


7. Length of the open pipe = 5833 cm and that of the closed pipe = 4375 cm 


Ex. 5.32. : In an experiment with a sonometer, the string is under tension due to à load 

' attached at its free end. It is the found that the frequency of the fundamental of the string is equal 

to that of a tuning fork. Now the load is immersed in water and the tuning fork is found to produce 

5 beats per second with the sonometer wire. If the density of the material of the load be.9 gm/c.c., 
what is the frequency of the tuning fork ? 


Solution : Let weight applied = W and m = mass per unit length of the wire. 


201 Y m 


<. the frequency of the fork n = the frequency of the fundamental of the string — UM d 


When the load is immersed in water, its apparent load, W, — wx Iz Sw 


Now, the frequency of the fundamental, ms wily Bap 


21 \ 9m 
Now, /-n, =5 and Zaa a 
/ n 8 
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deii ZH or, n = 88:36 H. 
"ins ugar a d 


-. So, the frequency of the fork = 88-36 Hz. 


Ex. 5.33. : The two ends of a wire is rigidly fixed. At 30"C the wire is taut with negligible 
tension. If the temperature is lowered to 20"C, calculate the velocity of transverse wave in the 


string. 
Given the coefficient of linear expansion of the wire, a = 18 x 10-5/C; its Young's modulus 
Y = 12 x 10!! dynes/cm?, and density of the material of the wire = 6 g/c.c. | J.E.E. 1990] 
Solution : Velocity of transverse wave in the string, V = Hr 
m 


Now, T- YA a t and m- Ap 


| n -6 
M YAat _ Yor | 12x10" x 18x10 xls e103 ems 
Ap p 6 


<. The velocity of transverse wave is 60 ms. 

Ex. 5.34. : The length of an open pipe is 48 cm and has definite diameter. The frequency if its 
fundamental is 320 Hz. The velocity of sound in air is 320 ms. Calculate the diameter of the tube. 
If one of its two ends is closed, what will be the frequency of the fundamental now. |L.I.T., 1980] 


Solution : The fundamental frequency of the open pipe, n - —————— 
agar’ Ponies OT OKBD) 


Here n = 320 Hz, V = 32000 cm s^, / = 48 cm and D =.diameter 


32000 


—_ 32000 _:,48+0-6D.=50, .»..D=3-33.em 
2(48+0-6D) t Š 


<. 320 = 


2nd Case : When one end is closed, the fundamental frequency is 7, Le APT 
4(/+0-3D) 


Ex. 5.35. : A wire fixed between two rigid support is under a tension of 4:5 x 107 dyne. the mass 
per unit length of the wire = 005 g/cm. One resonant frequency of the wire is 420 Hz. The next 
resonant frequency of the wire is 490 Hz. Calculate the length of the wire. [LLT. 1971] 


Solution : Let the frequency of the p th harmonic = 420 Hz 
So, the frequency of the (p + 1) the harmonic = 490 Hz 


2. LT. = 420 and el fE aoo 
m 


2I Y m 2l 
ple do a6 
p 42 


i 
6 A510" _ a9 1 =214-3em 
2/V 0-05 
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Ex. 5.36. : One end of a wire of radius r is soldered to one end of another a wire of radius 2r. 
The combined wire is used as a sonometer wire under a tension T. The junction point is at the mid 
point between two bridges. When a stationary wave is formed, one node is formed at the junction, 
calculate the number of loops formed on the two wires. [LLT. 1976] 

Solution : Let the densities of the materials of the two wires be p, and p; 


^. mass per unit length of the first wire, m = nrp, 


and that per unit length of the second wire, m, =4nr’p, 


“im, 4p, 


As the junction point lie at the mid point between the two bridges, the lengths of the two wires are 


equal. Let this length be /. Also the frequency of the two wires will be same and let this frequency 
be n. 


Since the junction point is a node, integral number of loops are formed on both the wires. Let the 
number of loops on the two wires be x and y. 


xr d 
In this case, p, =p). So, » 2 


Ex. 5.37. : The midpoint of a horizontal metal rod of length 1 m is rigidly fixed. It is set into 
longitudinal vibration to produce logitudinal stationary wave and two nodes are formed on both 
sides of the mid point. The amplitude of the antinode is 2 x 10-5 m. Obtain the equation of motion 
of the point 2 em away from the mid point. Also obtain the component waves which form the 
stationary wave. Young's modulus = 2 x 10!! N/m? ; density = 8000 kg/m? [LLT. 1994] 


2nvt 


Solution : The equation of the stationary wave y=2a cos 2. gin 


A A A where the symbols has usual meaning. 
Let the equations of the two progressive waves 


P TENET = N^ Q be =a sint (vt x) and y, sasin Ze (u +x) 


Here amplitude of the antinodal point, 2a — 2 x 


A 105m. a-10*m 
Fig. 5.19 " 
; we t Ng 2x10 3 
Velocity of the longitudinal wave is v =_/— = =5x10° m/s 
P 8000 


The midpoint is a node and the end points of the rod are two antinode. 
The point O is the mid point of the rod PQ. 5 half waves will be produced in PQ. 


À 2 
S=] “A===0- 
2 5 0:4 m 


E 
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So. the equation of the stationary wave is 


ys2x 10% cos promi ae 


72x10 cos(Snx)-sin(25x x 10*r) m 


The equation of motion of the two points located at 2 cm way from the midpoint i.e. the equation 
of motion of two points at distances of 52 or 48 cm from the left end of the rod are 


y 22x10 cos(2-6n)-sin(251x 103) m 
or, Y 22x10" cos (2-47)-sin (252x 101) m 
Hence the equation of the two progressive waves are 


» = 1x10 sin T (5x101 x) m and Y»; 21x10 sin 2 (0*1) m 


A. Short Answer type Questions : 

1. State the principle of superposition. 

2. What is a stationary wave ? 

3. How stationary waves are formed ? 

4. What is meant by beats ? When is it formed ? 

5. How does the frequency of the fundamental produced by a stretched string change in the following 
cases : 

(i) when tension in the string is made double, 

(ii) diameter of the wire is made double, 

(iii) length of the string is made double. 

6. Give examples (i) where transverse stationary wave and (ii) where longitudinal stationary waves are formed. 

7. An open pipe is producing its fundamental tone. Now one of its mouth is suddenly closed. What will be 
the change in frequency of the fundamental ? 


8. The frequency of the fundamentals emitted by a closed pipe and a open pipe are equal. What is the ratio 
of the lengths of the twe pipes ? 


9. Will the frequency of sound emitted by an organ pipe (open or closed) change if the temperature is 
changed ? [H.S. 1990] 


10. Why all-harmonics are not present in a closed pipe ? 
11. Why is the sound emitted by an open pipe is more musical than a closed pipe ? 
12. Why beats are not observed in the case of light waves ? 
13. What is the relation between the frequencies of the overtones of a stretched string with the frequency of 
its fundamental ? 
14. How will the frequency of the fundamental emitted by an open change in the following cases : 
(i) the temperature of air in the tube rises. 
(ii) humidity of the air in the tube rises. 


Phy (D—54 
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(iii) the tube is filled up with carbon-di-oxide gas instead of air. 
(iv) the drameter of the tube is made double. 
(v) one of its mouth is suddenly closed. 
15. What is end correction in the case of a closed pipe and an open pipe ? 


16. Will the frequencies of the fundamentals emitted by two open pipes of equal lengths be same, if the 
diameter of one tube is double the other ? 


17. The diameter of an open pipe is double the diameter of another tube ; but their lengths are equal. Will their 
fundamental frequencies be equal ? Explain. 


18. A stretched string is struck at 1/3 of its length from one end. Which harmonics will be present ? 
19. Which harmonics will be absent if a vibrating string is lightly touched at its mid point ? 
20. What is the condition so that beats are audible ? |H.S. 1998] 


21. The frequency of the fundamental of a stretched string is found to produce equal number of beats with two 
tuning forces. How is it possible ? 


22. What will happen to the emitted sound if a stretched vibrating string is touched at-1/4 of its length from 
one end ? 


23. Draw different modes of vibration of a stretched string. 
24. What are beats ? When are they produced ? |H.S. 2000) 
B. Essay type Questions : 
1, (a) State and explain principle of superposition of waves. 
(b) Explain under what conditions stationary waves and beats are formed ? 


3. What are stationary waves ? How are they formed ? Distinguish between stationary waves and progressive 
waves, 


4. Explain mathematically how two progressive waves can produce stationary waves. What are nodes and 
antinodes. Obtain the position of these points on the stationary waves. 


5. (a) State the laws of transverse vibration of a stretched string. |H.S. 1999, 2000] 


(b) What are overtone and harmonics ? Show on a stretched string fixed at the two ends, the first two modes 
of vibration. Locate the positions of nodes and antinodes on the string. 


6. What are fundamental, harmonics and-overtones ? Why all harmonics are overtones, but all overtones are 


not harmonics ? |H.S. 2002] 
7. Show that for same lengths, the fundamental tone emitted by an open tube will be sharper than that emitted 
by a closed pipe. |H.S. 2002] 
8. Show with diagrams that in the vibrations of an air column contained in a closed pipe only odd harmonics 
are present. [H.S. 2000] 


9. Why each stringed instrument is provided with a hollow box ? 


10. Draw the diagrams of the first three modes of transverse vibration of a stretched string clamped at both 
ends. Show the positions of nodes. [H.S. 1980] 


11, Prove that the pitch of the fundamental tone emitted by an open pipe is one octave higher than that emitted 
by a closed pipe of the same length. [H.S. 1998] 


12. What are beats ? How can you determine at unknown frequency with the help of beats ?  [H.S. 1988] 
13. Describe the superposition of a progressive waves and formation of stationary wave is an open pipe. 


14. Determine the frequencies of the different modes of vibration of the air column in a pipe closed at one end. 
Show that only odd harmonics are present here. [H.S. 1984] 


. 15. Show how the frequency of the vibrating air column inside the tube would change if temperature is 
raised. [H.S. 1990) 
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C. Simple Numerical Problems : 


1. The equation of a stationary wave is y - 4 can 60 nt. Here x and y are in cm and fis in sec. Calculate 


the amplitude and velocity of the superposing waves. [Ans. 2 cm ; 300 cm/s] 


2. A wire of length 40 cm and having area of cross section 2 mm? is stretched by 4 kg load applied at its free end. 
What will be the frequency of transverse vibration of the string ? Given, density of steel 7-7 g/c.c. and g = 980 cm/s. 


[Ans. 199:5 Hz] 
3. The length of a wire is 80 cm and it weighs 40g and it is kept under a tension of 800 kg. What is the 
frequency of the transverse vibration of the string ? g — 10 m/s? [Ans. 250 Hz] 


4. Two wires made of same metal and of equal lengths are put under tension by 288 gm and 628 gm loads 
respectively. If the ratio of the fundamentals of two wires be 5 : 3, calculate the ratio of their diameters. 


[Ans. 2 : 5] 
5. A wire of length 3-6 m and having mass 1'6 x 103 kg is set into transverse vibration. Tension in the string 
is 19:6 N and it is vibrating by forming 6 loops. What is its frequency ? [Ans. 175 Hz] 


6. Two progressive waves of equal amplitude and each having frequency 660 Hz and wave velocity 330 m/s 
produce stationary wave are superposition. Calculate : (i) distance between two consecutive antinodes and (ii) are 
node and next antinode. [Ans. (i) 25 cm (ii) 12:5 cm] 


7. Calculate the percentage change in tension of a wire of fixed length so that frequency of transverse vibration 
of the string increases by 1096. [Ans. 21%] 
8. Calculate the percentage change in frequency of fundamental produced by a stretched string if its tension 
is increased by 20% ? Length is held constant. [Ans. 954% increase] 
9. The frequency of the fundamental emitted by a stretched string is 400 Hz. Calculate the percentage change 
in length of the string so that the frequency of the fundamental in reduced to 360 Hz. [Ans. 11:1% increase] 
10. Two wires of equal length are made of same material and are stretched by equal tension. If the radii of 
the wires be in the ratio 3 : 4, calculate the ratio of the frequencies of the fundamentals produced by the two wires. 


z [Ans. 4 : 3] 
11. The frequency of the fundamental of the transverse vibration of a stretched string is 400 Hz. If the length 
is increased by 10%, what will be the changed fundamental frequency ? [Ans. 364 Hz] 


12. Below are given mass (M), length (/) and tension (T) for two wires. Calculate the frequency of transverse 
vibration of the strings : 
(a) M = 3g. / = 30 cm, T = 36 x 105 dyne, (b) M = 25 g ; [=25 cm: T-25x 105 dyne. 
[Ans. (a) 100 Hz. (b) 100 Hz] 


13. The velocity of transverse wave in a stretched string of length 60 cm is 150 ms~!. Calculate the frequency 
of third overtone produced by the string. [Ans. 500 Hz] 


14. The frequency of the fundamental of transverse vibration of a sonometer wire under tension is 250 Hz. 
Length of the wire is made double and tension is also increased so that its fundamental frequency remains unchanged. 
What is the ratio of the final and initial tension in the string ? [Ans. 4 : 1] 


15. Stationary waves are formed by the superposition of the following two progressive waves : 
yi 2 5sin 2n(761 — 0-12x) and y; =5 sin 2n (76t —0-12x). Here distances are measured in cm units. Find the 
distance between two consecutive nodes. [Ans. 417 cm] 


16. The length of a sonometer wire is 36 cm, diameter 1:0 mm and tension 31-4 N. If the frequency of the 
fundamental of transverse vibration of the string be 100 Hz. calculate the density of the material of the wire. 
F [Ans. 7:716 g/c.c.] 


17. The length of a sonometer wire is 1 m and tension 5 kg-wt. Tension is increased by 02 kg-wt. How its 
length be changed so that frequency of transverse vibration remain unchanged ? [Ans. 0:02 m decrease] 


18. The ratio of the length of two wires made of same material is 2 : 3. If the diameters are equal, the frequency 
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of fundamental of the shorter wire is one octave above the fundamental frequency of the larger wire. What is the 


ratio of tension of the two wires ? [Ans. 16 : 9] [H.S. 1994] 
19. A sonometer wire emits a tone of frequency 150 Hz. Tension is increased in the ratio 9 : 16 and length 
is made double. What will be the frequency of the fundamental now ? [Ans. 100 Hz] [H.S. 1995] 


20. In a string musical instrument, the distance between the two bridges is 80 cm and tension 40 N. It weighs 
0:25 g/meter. 

(i) If a wave is produced at one end, after what time it will reach the other end ? 

(ii) What is the frequency of the fundamental ? 

(iii) What are the frequency of first two overtones ? [Ans. (i) 2 x 10> sec, (ii) 250 Hz, (iii) 500 Hz, 1000 Hz] 

21. A sonometer wire of length 100 cm under a certain tension can produce resonance with a tuning fork. When 
the weight is increased by 100 gm, its length has to be shortend by 2 cm to produce resonance again. Calculate the 
initial load. [Ans. 2:475 kg] 

22. When two tuning forks are sounded together 4 beats per second is produced, These tuning forks are in 
resonance with 128 cm and 130 cm respectively of the same wire kept under a fixed tension. Calculate the frequency 
of the two forks. [Ans. 256 Hz and 260 Hz] [H.S. 2000| 

23. The length of the vertical tube filled with water is 200 cm. A vibrating tuning fork of frequency 256 Hz 
is hold near the open end of the tube. Water is slowly drained out from the botttom of the tube. Neglecting end 
correction, obtain the position of water level in the tube during the first and second resonance. Given. the velocity 
of sound in air = 320 m/s. [Ans. 16875 cm, 10675 cm] [H.S. 2000] 

24. Two tuning forks A and B when sounded together can produce 5 beats per second. 40 cm length of a 
sonometer wire under a certain tension is in resonance with the tuning fork A and the second tuning fork B is in 
resonance with the length of 40-5 cm of the same sonometer wire kept under the same tension. Calculate the 
frequency of the two forks. [Ans. 405 Hz. 400 Hz] [H.S. 1993] 

25. 24 tuning forks are arranged in order of increasing frequency. Any two consecutive tuning forks when 
sounded together produce 4 beats per second and the last fork is one octave above the first fork. Calculate the 
frequency of the first and the last tuning fork. [Ans. 92 ; 184 Hz] |J.E.E. 1997] 

* 26. A transversely vibrating sonometer wire emits second harmonic which is resonance with the third harmonic 

produced by a second wire having length equal to half the length of the first wire. If the two wires have same mass 


per unit length, compare the tensions of the two wires. [Ans. 9 : 1] 
27. The lengths, radii, densities and tensions of two wires A and B all are in the ratio 1 : 2. Which overtone 
of the wire B will be in resonance with the fundamental of the wire A ? [Ans. Third harmonic] 


28. Two vibrating tuning forks can produce 5 beats per second. The frequency of one of the fork is 295 Hz. 
When some wax is attached to the prong of the other fork, three beats per second are produced now. Calculate the 
frequency of the second fork. [Ans. 300 Hz] |H.S. 1990] 


29. The frequency of transverse vibration of a sonometer wire is 80 Hz. If the tension is increased in the ratio 

1 : 9 and the length of wire is increased in the ratio 1 : 2. What will be the frequency of the sonometer now? 
; [Ans. 120 Hz] 
30. Two vibrating tuning fork A and B can produce 5 beats per second. If both the forks A and B are in 

resonance with 36 cm and 37 cm respectively of a closed pipe. Calculate the frequency of the two forks. 

. [Ans. 185; 180 Hz] [H.S. 1988, 2002] 
31. What is the frequency of the fundamental of a closed pipe of length 163 cm ? Given velocity of sound 
in air = 334 ms;'. Also calculate the frequency of the first two overtones. [Ans. 512 Hz, 1536 Hz. 2560 Hz] 
32. Two open pipes of lengths 80 cm and 82 cm are producing fundamental tones. How many beats per second 
is formed ? Given the velocity of sound in air = 340 ms". [Ans. 5:18 Hz] 


33. A glass tube is partly filled with water. A vibrating tuning fork is placed on the open end of the tube. The 
lengths of the column for the first and second resonance are 33 cm and 1005 cm. Calculate the end correction. 


[Ans. 075 cm] 
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34. In resonance air column experiment if a tuning fork of frequency 256 Hz is used the lengths of the air 
column for the first and second reaonance are 33:4 cm and 101-7 cm respectively. Calculate (i) velocity of sound 
and (ii) end correction. [Ans. 350 ms-!, 075 cm] 

35. When a tuning fork of frequency 256 Hz is used, the length of the resonant air column is 32:4 cm. But 
when another tuning fork of frequency 480 Hz is used, the length of the resonant column becomes 16:9 cm. Calculate 
(i) end correction and (ii) velocity of sound. [Ans. (i) 0-8 cm (ii) 340 ms-!] 

36. A tuning fork having a frequency of 340 Hz is vibrating just above a cylindrical tube of length 120 cm. 
Water is slowly poured into it. What is the minimum height of water required for resonance ? Velocity of sound 
= 332 ms. [Ans. 4676 cm] |J.E.E., 1985] 

37. When two tuning forks A and B are sounded together 8 beats per sec. are produced. A is in resonance with 
a closed pipe of length 375 m and B produces resonance with 38.5 cm pipe closed at one end. Calculate the 


frequencies of the two forks. [Ans. 308 Hz, 300 Hz] [L.LT.| 
38. The first overtone emitted by a closed pipe is in unison with the third overtone of a closed pipe. Calculate 
the ratio of the lengths of the two pipes. [Ans. 3 : 8] 


39. The frequency of the fundamental of an organ pipe at 40°C is found to be 250 Hz. If the temperature is 
lowered to 20°C, what will be the frequency now ? [Ans. 242 Hz] 


40. At 15°C two organ pipes can produce 4 beats per second. If the temperature is raised to 40°C, how many 
beats will be produced in two seconds ? The velocity of sound in air at 0°C is 332 ms~!, Neglect the expansion of 
the pipes. [Ans. 417 Hz] 

41. The difference in frequencies of the fundamentals produced by an open pipe and a closed pipe is 25 Hz. 
The length of the open pipe is 166 cm. Calculate the length of the closed pipe. Given, the velocity of sound in air 
332 msh ^ « [Ans. 11077 cm] 

42. The frequency of the fundamental produced by an open organ,pipe of length 50 cm is equal to the 
frequency of the fundamental produced by a sonometer wire of length 75 cm. The mass of | cm length of the 
sonometer wire is 1 gm. Calculate its tension. The velocity of sound in air = 350 ms™!. [Ans 25:0 x 108 dynes] 

43. It is desired to tune the sonometer wire with a tuning fork of frequency 512 Hz. When vibrated together 
they produce 10 beats per second. 

(a) by what percentage should the length of the string be altered to achieve tuning. the tension remaining 
unchanged ^ 

(b) by what percentage should be the tension in the string be altered to achieve tuning, the length of the string 
remaining unlatered ? [Ans. (a) 195%, (b) 402% or 3:8%] 

44. Calculate the percentage change in the frequency of the fundamental note emitted by a closed pipe of length 
1-0 m if the temperature of the air is changed from 15°C to 30°C. Velocity of sound at 0°C = 330 ms:!. [Ans. 263%] 

45. The lower portion of a vertical glass tube is immersed in water. A vibrating tuning fork is placed on the 
open end of the tube. The first resonance occurs when the length of the air column is 25 cm and the second resonance 
occurs when the length of the air column is 772 cm. Obtain the value of end correction. [Ans. I-1 em] 

46. A wire of length 50 cm is kept under tension by a load attached to its free end. Density of the material 
of the wire is 9 gm/c.c. When the wire is set into transverse vibration it is in reasonance with a tuning force of 
frequency of 256 Hz. When the load is fully immersed in water. how the length of the wire be decreased so that 
it is again in resonance with the tuning fork ? [Ans. 2:86 cm] 

47. A brass rod of length 3 m is clamped at the middle. When the rod is set into longitudinal vibration it 
producesd a tone of 600 Hz. If the density of brass be 8:3 g/c.c calculate (i) velocity of sound in the rod. (ii) Young's 


modulus of the material of the rod. [Ans. (i) 3600 ms-! (ii) 10:76 x 10!! dynes/cm?] 
48. An air column at 51°C produces 4 beats per second with a turning fork. When the temperature is lowered 
to 16°C, 1 beat per second is produced. Calculate the frequency of the fork. [Ans. 50 Hz] |LET.] 


; 2X A 
49. The equation of two progressive waves are Y = Z: 0sin- (340; — X) metre and y» =2 -Osin— (340r -x) 
y 


metre. On stiperposition they produce 10 beats per second. Calculate the value of y. [Ans. 0:3 m] 
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50. A sonometer wire carries a metal block at the other end. When the block is in air resonant length with a 
tuning fork is found to be 90 cm. When the block is wholly immersed in water, the resonant length with the same 
tuning fork decreases to 80 cm. Find the relative density of the metal block. [Ans. 4-76] 


B. Harder Numerical Problems : 


Xx s. 
1. A wire is vibrating according to the following equation : » 75 Se 40 nt 


Here x and y are in cm and z is in sec. 

(i) Calculate amplitude and velocity of the two waves which produce the above vibration on superposition. 
(ii) Calculate the distance between the two nearest points which are at rest. 

(iii) Calculate the particle velocity at a distance x = 15 cm and time t = 9/8 sec. |J.E.E. 1993] 


4 Ry $ 5 x eae 
[Ans. (i) yı rab 40 x Gee cg 40 (i) aj = a, = 25 cm ; v= 120 m/s 


(ii) 3 cm ; (iii) particle velocity = 0] 


a 
2. The equation of a progressive wave moving along a string is Y 40 cos 30-005: - 8-01). Here:x and y 


are in cm and ¢ in sec. Write the equation of the wave which on superposition with the given wave can produce 
stationary wave. What is the distance between the two consecutive nodes ? 


[Ans. yv, = 40 cos Z (0-005: « 8-01) : 4 em] 


3. The length of a steel wire in 1:5 m; Due to a tension applied to it, strain of 1% is produced. Calculate the 
frequency of the fundamental. Given, density of steel = 7:7 x 10? kg/m? ; Young's modulus Y = 22 x 10!! N/m? 


[Ans. 178 Hz] 


[Hint : Strain = 1/100 ; Stress = T/r? : n=- | T. ] 


21 nr? 

4. A wire of length 20 cm is rigidly fixed between two supports under negligible tension at 30°C. If the temperature 
of the wire is lowered to 10°C, calculate the velocity of transverse wave in the string. Given. Young's modulus of the 
string = 13 x 1019 N/m2. Coefficient of linear expansion = 17 x 10-5 °C and its density = 9000 kg/m?. Calculate also 
the fundamental frequency. ' [Ans. 70 ms! ; 175 Hz] 


5. A wire of length 100 cm and density 9 gm/c.c. is just taut between two fixed supports. Due to tension 
applied to it. its length increases by 0:05 em. Calculate the lowest frequency of vibration of the wire. Given young's 
modulus of the wire = 9 x 10!! dynes/cm? [Ans. 354 Hz] |LLT.] 

6. The temperature of a wire fixed rigidly at its two ends is lowered by 10°C. Calculate the tension in the string 
from the following data : area of cross section = 001 cm? : a = 16x 10% 7C, Y 22 x 10! N/m?. If the frequency 
of transverse vibration of the wire now be double the initial frequency of vibration, what was the initial tension ? 

[Ans. 32 N ; 10:67 N] |J.E.E. 1980] 

7. One end of an aluminium wire of length 60 cm and area of cross-section 001 cm? in fixed on a wall. At 
its other end one end of a steel wire is attached. The steel wire being of length 866 cm passes over a pulley and 
a load of 10 kg is suspended from its free end. It is set into transverse vibration by external source. Find the lowest 
frequency of excitation for which stationary wave is observed such that the junction of the wire is a node. Density 
of aluminium = 26 g/c.c. and of steel = 78 g/c.c. [Ans. 3236 Hz] [LI.T. 1976] 


8. A under water suimmer sends a sound signal to the surface. It produces 5 beats per second when compared 
with the fundamental note of a pipe 20 cm long closed at one end. What is the wave length of sound in water. ? 
[Given, velocities of sound in air and water are 360 m/s and 1500 m/s respectively.] 

[Ans. 33 m or 337 m] [J.E.E. 1996] 


uency of the fundamental produced by 
at 15°C. Keeping everything unchanged 


9. The diameter of a steel wire of length 34-6 cm is 0-5 mm, The freq 
the string under a tension of 5 kg is in resonance with a closed organ pipe 
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the temperature of the organ pipe is lowered by 2°C. Now the wire and the pipe are set into vibration, what change 
is observed ? Density of steel — 7:8 g/c.c. [Ans. beats will be produced ; beat frequency = 1] 


10. A wire of length 25 cm and mass 2:5 g is stretched by a fixed weight. The first overtone of the wire 
produces 8 beats per second with the fundamental of a closed pipe of length 40 cm. If the tension of the wire is 
decreased, number of beats is found to decrease. If the velocity of sound in air be 320 m/s, calculate the tension in 
the wire. [Ans. 27:04 N] |J.E.E. 1993] 


11. The linear density of a wire is 0-05 g/cm. It is stretched between two rigid supports. Tension in the string 
4:5 x 107 dyne. The wire is in resonance with a frequency of 450 Hz. The next frequency with which it also produces 
resonance is 490 Hz. Calculate the length of the wire. [Ans. 2143 cm] [LLT.] 


[Hints : Assume pth harmonic = 420 Hz and (p + 1) th harmonic = 490 Hz] 


12. The initial temperature of air in an organ pipe is 10°C. At what temperature the frequency of the fundamental 
produced by the pipe will increase by 4%. [Ans. 3225*C] 


13. The length of a wire between two bridges is 25 cm and it is stretched by 0:04. The density of the material 
of the wire is 10 g/c.c. and its Young's modulus 9 x 10!!- dyne/cm?. Calculate the frequencies of the fundamental 
under this tension. [Ans. 240 Hz] |J.E.E. 1987] 


14. The tension of a sonometer wire is 64 N. Its fundamental frequency is equal to that of a tuning fork. The 
distance between the two bridges of the sonometer is 10 cm and mass 1 gm. Now, the vibrating tuning fork is 
displaced with constant speed from the wire. A person standing near the wire hears one beat per second. If the 
velocity of sound in air be 300 m/s, calculate the density of the tuning fork, [Ans. 0:0752 m/s] [LI.T. 1985] 


15. The length of an organ pipe is 30 cm. How the length of the pipe be changed so that the frequency of the 
fundamental emitted by the pipe will not change inspite of the temperature rise from 7°C to 27°C of the pipe. 
[Ans. 1 cm decrease] 


16. A closed pipe of length 1-5 m is full of a gas. Its fundamental frequency is in resonance with a tuning fork. 
The fundamental frequency of an air filled open pipe of same length as the closed pipe is also in resonance with 
the tuning fork. Calculate the velocity of sound in the gas of the closed pipe at 0°C. During experiment air 
temperature is 30°C and velocity of sound in air at this temperature is 360 m/s. [Ans. 683-4 m/s] 


VV 
[Hints : Fundamental frequency of the closed. pipe is ^. aac [temp. = 30°C] 


frequency of the fundamental of the open pipe is 7% nm 7120 Hz [/ = 1:5 m] 


^ V/6 = 120 =. V = 720 m/s +. Vo = 6834 m/s] i 
17. A metal wire of length 1 mm is held on two knife edges separated by a distance of 50 cm. The tension 
in the wire is 100 N. The wire vebrating with its fundamental frequency and a vibrating tuning fork together produce 
5 beats per second. The tension in the wire is then reduced to 81 N. When the two are excited, beats are heard at 
the same rate. Calculate (a) frequency of the fork and (b) density of the material of the wire. 
[Ans. (a) 95 Hz, (b) 12:74 x 103 kg/m?] [LI.T. 1980} 


18. An aluminium wire of length 90 cm is clamped at the middle. It is set into longitudinal vibration so that 
it can produce fundamental frequency only. Given, density of aluminium = 2:6 g/c.c. and its Young's modulus = 
7:8 x 1019 N/m2, claculate (i) velocity of sound in aluminium, (ii) wavelength of sound in aluminium, (iii) frequency 
of sound produced, (iv) wavelength of sound produced in air. Velocity of sound in air is 340 m/s. 

[Ans. (i) 5480 m/s (ii) 180 am, (iii) 3050 Hz ; (iv) 11 1 em] 

19. A block is suspended at the lower end of a sonometer wire. Its frequency of vibration is 500 Hz. When 
the block is immersed in water, the frequency of vibrtation of the wire becomes 460 Hz. But if the block is immersed 


in a liquid, the frequency of vibration becomes 480 Hz. Calculate the sp. gr. of the block and the liquid. 
[Ans. 651 ; 051] 


[Hints : na JT or, T = Kx? ; K =a constant, W} = C (500). W, = C (460), W, = C (480), sp. gr. of the 


Ww W, - W; 
= 6551 ; sp. gr. of the liquid S, =—+—+ =0-51 
W-W, sp. gr. o quid S, WoW, ] 


block, S, = 
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20. First overtone of an open pipe and first overtone of a closed pipe on superposition produce 2:2 number 
of beats per second. If the fundamental frequency of the closed pipe be 110 Hz. Calculate length of the pipes. 
[Ans. /) = 75 cm ; /, = 993 cm or 1007 cm] 
21. A sonometer has three wires of equal lengths. Ratio of their specific masses is 2 : 8 : 18 ; ratio of their 
tensions 12 : 12 : 27. Calculate the ratio of the frequencies of transverse vibration of the wires. 
[Ans. 2 : | : 1] [J.E.E. 1983] 
22. The length of a sonometer wire is 100 cm. How it be divided into three segments by bridges so that the 
fundamental frequencies of three segments inthe ratio 1 : 2 : 3. 
[Ans. /, = 2727 cm ; l, = 5454 cm; 1; = 1818 cm] [Roorkee 1984] 
23. A wire of length 0-98 m is stretched by a length of 0:02 m. Its fundamental and the fundamental of an open 
pipe of length 05 m produce 8 beats per second. Number of beats decreases with the decrease of tension in the wire. 
Calculate Young’s modulus of the wire. Density of the material of the wire = 104 kg/m? and velocity of sound in 
air = 292 ms. [Ans. 1-764 x 10!! N/m2] [Roorkee 1996] 
24. If the tension of the sonometer wire is increased by 44%, keeping its length unchanged, frequency of the 
fundamental increases by 6 Hz. What will be the change in fundamental frequency if length of the wire is increased 
by 20%, keeping tension unchanged ? [Ans. 5 Hz] [Roorkee 1998] 
25. Two identical sonometer wires have a fundamental frequency of 500 vibrations per second, when kept 
under the same tension. What fractional increase in the tension of the first wire would cause an occurance of 5 beats 
per sec., when both wire vibrate together ? [Ans. 0:02] [Roorkee 1995] 
26. An open pipe filled with air has fundamental frequency of 500 Hz. The first harmonic of another closed 
organ pipe and filled with carbon di-oxide has same frequency as that of the first harmonic of the open organ pipe. 
Calculate the length of each organ pipe. Velocity of sound in air and in gas are 300 ms“! and 264 ms! respectively 
[Ans. 30 cm ; 132 em] [LILT] 
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1995 
First Paper 
Group-A (Answer any two questions.) 


Write down Newton's Ist and 2nd laws of motion. How can the Ist law of motion be obtained from the 
2nd law ? 

Define absolute unit of force. Write down the names of absolute unit of force in C. G. S. and M. K, S. 
systems and obtain the relation between them. 3 
Define angular momentum and torque. Obtain the relation between them. 242 


Write down the law of conservation of energy and justify it in case of body falling under gravity. — 5 
Momentum of two bodies of unequal masses is the same. Obtain the relation between their kinetic energies. 
Paths traversed by a body in the fifth and seventh second after the start of the motion, are 25 cm. and 33 
cm. respectively. Calculate the velocity of the body after the ninth second from the start of its motion. 
[Ans. 43 cm/s] 2 
What do you understand by resolution of vector into two mutually perpendicular components ? How can 
the resultant of vectors, acting at a point, be obtained by the application of this method? 
What is meant by a unit vector ? How would you express a vector with the help of its components and 
unit vectors along them ? t3 
Vectors A and B are represented as follow :— 
A = 10i — 12j + 5k ; B = 7i + 8j — 12k, i, j and k are unit vectors along x, y and z axes respectively. 
Express the resultant vector and calculate its magnitude. (Ans. 177 -4)-7k 3 18-82] 2 


i Group — B (Answer any two questions) 

Write down Newton's law of gravitational force. What do you understand by universality of this law ? 

4 142 
Establish the relation between acceleration due to gravity and the gravitational constant. What are the 
value and unit of gravitational constant in M. K. S. System ? 4 
What is meant by escape-velocity ? Write down the expression of minimum velocity with which a body 
must be projected upward so that it may go outside the gravitational field of the earth. 2*1 
Explain why a man within an artificial satellite, revolving round the earth, feels himself weightless. 2 
Write down the laws of simple pendulum. Explain how the acceleration due to gravity can be obtained 
with its*help. 
Calculate the effective length of a Second's pendulum at a place where the acceleration due to gravity is 
980 cm / sec?. [Ans. 99-39 cm] 
What is meant by elasticity of material ? Define stress and strain. Between rubber and steel, explain which 
one is more elastic. 
A metallic wire of length ‘I’ cm and radius ‘r’ cm is elongated by the application of force. If the volume 
of the wire remains unaltered, show that poisson’s ratio of the material of the wire is V2. 3 
Define longitudinal stress and Poisson's Ratio. What is the unit of stress in M. K. S. System ? 3 
What is the difference between density and specific gravity ? Volume and mass of a piece of an alloy of 
copper and lead are 30 c. c. and 320 gm respectively. If the sp. gr. of copper and lead be 8:89 and 11:37 
respectively, calculate the volumes of copper and lead present in the alloy. — [Ans. 8.5 c. c., 21-5 c. c.] 
Sp. gravity of a mixture of two materials of equal volumes is 4. The sp gravity of the mixture becomes 3 
when these two materials are mixed in equal masses. Calculate the sp. gravity of the materials. 

[Ans. 6, 2] 

State with reason whether the Principle of Archimedes will be applicable or not within an artificial satellite, 
revolving round the earth along a circular path. 3 2: 
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Group — C (Answer any two questions) 

Define coefficient of linear expansion of a solid. Establish the relation between coefficients of linear and 
cubical expansions of a solid. 

What ups you understand by the statement that the coefficient of linear expansion ort brass in 
19 x 10 5?C ? Calculate the value of this coefficient per degree Fahrenheit. [Ans. 10:55 x 10%; yer] 3 

Explain why by application of heat, a platinum wire can be easily sealed with glass whereas a copper wire 
cannot be sealed. 2 

A scale made of steel gives correct reading at 0°C. If the reading of a rod on that scale at 15°C be 50 cm. 
obtain the value of correct length of the rod at that temperature. Coeff. of linear expansion of steel 


-212x10$"C. . [Ans. 50-009] 3 
Describe and explain with a graph tie change of volume of a given mass of water when heated from 0°C 
to 10°C. 3 
Describe and explain Hope's Experiment. How is it proved by this experiment that density of water at 4° 
C is maximum ? : 5 
State Boyle's and Charles Laws and hence obtain the equation of state of an ideal gas. 4 


Discuss the effect of pressure on boiling point of a liquid. Describe by an experiment the change of 
boiling point of a liquid due to increase of superincumbent pressure. Mention one practical application of 
this change. 6 
State and explain the fundamental principle of Calorimetry. 2 
A calorimeter contains water at 40°C. What would be the result if a piece of ice of mass 100 gm at -10*C 
be kept immersed within the water in the calorimeter ? (specific heat of ice = 0:5, latent heat of ice = 
80 cal/gm) [Ans. water — 133-75 gm, ice — 6:25 gm, temperature — 0°C] 4 
Write down the fundamental postulates of Kinetic theory of gases. Discuss, how the concept of temperature 
be obtained from it. 
Calculate the root mean square velocity of air at N. T. P. Density of mercury = 136 gm/c.c., B7 980 cm/ 
sec?. Density of air = 0:00129 gm/c.c. , [Ans. 4-86 x 10° cm/s] 4 
What do you mean by the mechanical equivalent of heat ? 
Mention different methods of transmission of heat. What are their differences ? Briefly explain with 
diagram the principle of working of a themosflask. 6 
Why do a block of wood and a block of metal at the same temperature generally appear to be of different 
temperatures when touched ? 
Total area of glass-panes of all the windows of a room is 10 sq. metres and thickness of glass is 4 mm. 
The temperatures of inner and outer faces of glass window are respectively 20° and 5°C. Calculate the 
amount of heat flowing out of the room per minute through the windows. 
Thermal conductivity of glass = 0:002 C. G. S. Unit. [Ans. 45 x 10? cal Tesi 
Group — D (Answer any fwo questions) 


If the equation of motion of a particle, executing S. H. M. be x =a sin (œt + œŒ) obtain the expression of 
its velocity and also find out maximum value of its acceleration. 


What do you understand by natural vibration, forced vibration and resonance ? Under what condition will 
the forced vibration produce resonance ? 4 


What is the difference between longitudinal and transverse vibrations ? 


Write down the laws of transverse vibration of a stretched string. A string of a sonometer emits a sound of 
frequency 150. If the tension be increased in the ratio of 9 : 16 and the length of the wire be doubled, 


calculate the frequency of the fundamental emitted by this string. [Ans 100 Hz] 3+3 
What is:an echo ? Find the minimum distance between a person and a reflector so that he may hear the 
echo of the sound of small duration, produced by him. 3 


A tuning fork is in unison with a stretched wire of length 75 cm. If the length of the wire be decreased by 
3 em, it will produce 6 beats per second with the tuning fork. Calculate the frequency of the tuning fork. 


y : [ Ans. 144 Hz] 
Discuss the difference between musical sound and noise. 


16. 


QUESTIONS 859 | 


(a) Compare the frequencies of the fundamentals produced by an open-ended pipe of length / with that produced 
by a pipe of the same length closed at one end. 

(b) Calculate the frequencies of the fundamental and the nearest harmonic produced by an organ pipe of 1 
metre length closed at one end. (Velocity of sound = 332 m/s). i [ Ans. 83 Hz, 249 Hz] ` 

(c) What is the difference between light wave and sound wave ? y 2 


JOINT ENTRANCE PHYSICS—1995 


(a) A number of forces acting at a point are such that they can be represented in magnitude and direction by 
the sides of a closed polygon taken in order. Determine the resultant of the forces. 1 

(b) A car weighing 2,000 kg runs into a truck, weighing 10,000 kg and moving at 48 km/hr. After collision 
with the car on the truck, the truck initially travels at 15 km/hr. What was the speed of the car ? 3 

[ Ans. The initial velocity of the car = 150 Km/hr. ] 


(a) What do you mean by centrifugal force ? Why is it called a *pseudo force' ? 2 
(b) A coin placed on a horizontal turn table rotating at 334 r. p. m., revolves with the table without slipping, 
provided the coin is not more than 10 cm away from the axis. How far from the axis can the coin be 
placed so that it revolves with the table without slipping if the turn table rotates at 45 r. p. m. ? ( g = 
980 cms~). [Ans.5:48cm] 2 
Explain the principle of conservation of energy. Illustrate the validity of the principle for a body sliding down 
a rough inclined plane. 1+3 
(a) When a body is immersed in three liquids of specific gravities s}, s} and s; respectively, its apparent 
weights are wj, w; and wz. Show that s; (w,—w4) +s, (w— Wi) + 53 (Wy — w5) = 0. 1 
(b) The length of Toricellian vacuum in a barometer tube was 20 cm when the reading was 75 cm. When 


10 c. c. of air at atmospheric pressure was admitted, the reading was 45 cm. Find the diameter of the 
tube. [ Ans. 08 cm] .3 


(a) Distinguish between solids, liquids and gases on the basis of the elastic moduli. 1 

(b) A steel wire of length 2 metres and diameter 0-8 mm is stretched horizontally between rigid supports 
attached at its ends. When a load is hung from the mid-point of the wire, a depression of 1 cm is produced. 
Calculate the load, given that Young's modulus for steel is 20 x 10!! dynes/em?. [ Ans. 1025 gm] 3 


(a) State the conditions of equilibrium of a floating body. 2 
(b) A cube floating on mercury has one-fourth of its volume submerged. If enough water is added to cover the 


cube, what fraction of its volume will remain immersed in mercury ? ( density of mercury = 13:6 gm/c.c.) 
[ Ans. 0:19] 2 


(a) Define volume and pressure coefficients of a gas. Show that for a perfect gas, the two coefficients are 
equal. 2 
(b) The temperature of air on a certain day is 23°C and relative humidity 60 per cent. What will be the 
fraction of the mass of water vapour that will condense if the temperature falls to 10°C ? ( The saturated 
vapour pressures of water at 23°C and 10°C are 21-1 mm and 9:2 mm respectively ). [ Ans. 027] 3 
(a) State and explain the general form of the first law of thermodynamics. Obtain an expression for the 


external work done by a gas expanding at a constant pressure. 2 
(b) A container of capacity | litre contains 2:5 x 10? Nitrogen molecules, each of mass 4-65 x 103 gm and 
r. m. s. velocity 5 x 10* cm/s. Find the pressure and the total kinetic energy of gas. 3 


[ Ans. P = 97 x 10° dynes/cm? ; E = 1450 J] 
(a) Show that the total mechanical energy remains constant for a particle executing simple harmonic motion. 
Represent graphically the variation of kinetic and potential energy with displacement. 2 


(b) The displacement of a particle executing S. H. M. at a time t is given by x -a sin (2 2 cos (2 J T 
where a = 3 cm and b = 4 cm. Find the (i) amplitude, (ii) initial phase, (iii) displacement, velocity and 


acceleration at a time 1 = 2 sec. [ Ans. (i) 5 cm, (ii) tan! (4) ; (iii) 4-6 cm, 1-03 cm/s, — 1-26 cm/s? 13 
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(a) Calculate the speed of sound in steel, given speed of sound in water = 1493 m/sec. and bulk modulus and 


density of steel 80 and 8 times respectively of those of water. 1 
(b) Show that the apparent frequency f” of the source of sound moving with a speed v, towards a stationary 
receiver is. f — fc/(c—v,) where c is the velocity of sound and f the frequency. 4 


(a) Ifa ray of light undergoes refraction as it travels from medium 1 to medium 2, show that the ratio of the 
sine of the angle of incidence to the sine of the angle of refraction is equal to the ratio of the speed of light 
in medium 1 to that in medium 2. 3 
(b) A ray of light in water is incident on a plate at an angle of 45°. What is the angle of refraction in the 
plate ? Given absolute refractive index for the plate = 1-88 and that for water = 1-33. [ Ans. 30°] 2 
(a) Deduce the conjugate foci relation for a spherical mirror measuring object and image distances from the 
focus. Hence show that for a spherical mirror, both the object and the image are located on the same side 
- ofthe focus. 2 
(b) An object is at D cm from a screen. A convex lens forms an image of it on the screen. When moved 
through a distance of x cm, it forms another image on the screen. Prove that the ratio of sizes of the two 


images produced is (D + xy :(D- xy. 3 
What do you mean by the terms magnetic permeability and magnetic susceptibility ? How are they related ? 
What values do these quantities assume for paramagnetic, diamagnetic and ferromagnetic substances ? 4 


A. soft iron needle, a steel needle and an aluminium needle have identical size, shape and appearance. Explain 
how the material of the needles may be identified by using a current-carrying coils and wires for hanging. 4 
(a) Calculate the radius of a water drop which would just remain suspended in the earth's electric field of 3 
volts/cm when charged with one electron. (e = 4:805 x 10™ e, s, u. ; g = 980 cm/sec? ) 3 

[ Ans. 1-05 x 10 cm ] 

(b) A charged condenser is made to share its charge with another uncharged condenser of twice its capacity. 
Find the sum of the energy of the two condensers. 2 

(a) A pair of adjacent coils have a mutual inductance of 1:5 H. If the primary current changes from 0 to 20 
amp in 0:05 sec., what is the average induced e. m. f. in the secondary ? If the secondary has 800 turns, 


what is the change of flux in it ? [ Ans, 600V, 30 Wb] 2 
(b) What is the function of a commutator ? 2 
(a) What is Peltier effect ? State three essential difference between Peltier effect and Joule effect. 2 


(b), .When a certain current is passed through a copper voltmeter connected in series with an ammeter for 1 
hour, 0:6354 gm of copper is deposited. If the ammeter reads 0-525 amp, find out the percentage error in 
the ammeter reading. [ Atomic weight of copper = 63:54, valency of copper = 2, 1 Faraday = 96500 


coulomb. ] [Ans.- 21%] 2 
(a) What is thermionic emission ? Mention the factors on which the thermionic emission current of a cathode 
depends. 2 
(b) Give the circuit diagram of a full wave rectifier, indicating the polarity of the d. c. voltage developed 
across a resistive load. 3 
(a) State the basic postulates of Bohr's atom model. 2 
(b) Given Rydberg constant = 109737 cm, calculate the longest and shortest wave-lengths of the Balmer 
series of hydrogen. [ Ans. 6561, 3645A ] 3 
(a) Distinguish between p-type and n-type semiconductor. 2 


(b) Indicate showing diagrams how a p-n junction diode can be biased in the forward and reverse direction. ` 
Draw the I-V characteristics of such a diode for both types of biasing. What happens if the bias in the 


reverse direction is gradually increased ? 4 
A metal ball is hung from the roof of a train compartment by a thread. Will the thread remain vertical when the 
train runs with uniform speed ? ° 1 


The mass and diameter of a planet are twice those of earth. What will be the period of oscillation of a pendulum 
on this planet, if it is a second’s pendulum on earth ? [ Ans. T= 242 sec. ] 1 


23. 
24. 


25. 


26. 
27. 
28. 


29. 
30. 


QUESTIONS 861 


Why does a metal surface appear colder than a wooden surface in winter ? 1 
A ship’s sound ranging equipment sends out pulses looking for echoes from submarines within a 3 km radius. 
What should be the pulse repetition frequency ? Given velocity of sound in water = 1500 m/s. 1 
[ Ans. 15 / min] 
The fnumber of a lens is given by F/D where F is its focal length and D is aperture diameter. How much more 


light reaches the film if the aperture has f-number of 2 compared to 16 ? [Ans. 64] 1 
What will be the orientation-of a magnetic needle placed below a wire carrying a large current ? 1 
If action and its reaction are always equal and opposite, why does not they cancel each other ? 1 


A current of 1 amp flows through a wire of cross-section 1 sq mm. Assuming the free electron density within 
the wire to be 8-0 x 1025/m?, calculate the average drift speed of the free electrons. [ Ans. 7:8 x 107 cm/s ] 1 


What is the essential difference between X-rays and y-rays ? 1 
Why more heat is generated when a body is polished by a polishing cloth with greater pressure ? I 
1996 


First Paper 
Group — A (Answer any two questions) 


(a) Write down and explain the laws of triangle of forces and polygon of forces in case of addition of vectors. 
Show that law of polygon of forces can be obtained from law of triangle of forces. 5 

(b) Two vectors 2P and P are inclined to each other at certain angle. If the first vector be doubled, then the 
resultant vector is increased three times. Calculate the angle between the two vectors. [Ans. 180°] 3 

(c) A force of 30 dynes is inclined at an angle of 60? with the Y-axis. Determine the components of the force 
along X- and Y-axes. [Ans. 1553 ; I5dynes] 


(a) Establish graphically the equation s= uf + i ft, where u, f, s, t have usual meaning. 4 


(b) A particle, moving with uniform acceleration along a straight line traverses 41 cm and 49 cm in the 6th 
and 10th second respectively. Find out the distance travelled by the particle in 15 seconds. 3 
[Ans. 675 cm] 

(c) A ship is moving due west with a velocity of 40 km/hr and another ship is moving due south with a 
velocity of 30 km/hr. Calculate the relative velocity of the second ship with respect to the first ship. 3 
[Ans. 50 km/hr, tan 0 = ES 

(a) Determine the expression for the centripetal force of a particle, moving round a circular path with uniform 
speed. Mention the relation between angular and linear velocities of this particle. 4*1 

(b) State the law of conservation of energy. Show that the law of conservation of energy is obeyed in case of 
a body falling freely under gravity. 2+3 

Group — B (Answer any two questions) 

(a) What is acceleration due to gravity ? Show that the acceleration due to gravity on the surface of the earth 
decreases with increase of height from the surface of the earth. 1*2 

(b) An artificial satellite is revolving round the earth along a circular path with the centre of the earth as its 

centre and the altitude of the satellite being / from the surface of ihe earth. Show that the velocity and the 
time-period of the satellite is independent of its mass. What do you mean by geostationary orbit 24 + 1 

(c) Show that on the earth’s surface the magnitude of the acceleration due to gravity is GM/R? where M = 


Mass of the earth, G = Gravitational constant and R = Earth’s radius. 2 
(a) State and explain Hooke's law of elasticity. Define longitudinal strain and Young's modulus. Write down 
the unit of Young's modulus in C. G. S. and M. K. S. systems. 2-201 


(b) One end of an iron wire of length 250 cm and of diameter 1 mm is rigidly fixed with a beam and a weight 
of 8 kg is placed at the other end. Calculate the elongation of the wire. Y of iron = 20 x 10!! dynes / cm’; 
g= 980 cm / sec’, [ Ans. 0:124 cm] 3 


(c) Define Poisson’s ratio. State its maximum and minimum values. B 2 
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What is a simple pendulum ? Why is it not realisable in actual practice ? 4 
Two pendulums of time-periods 1:8 sec and 2-0 sec are oscillated at the same time. How many seconds 
later will the faster pendulum gain one complete oscillation over the other ? [Ans. 18 sec.] 3 
Sp. Gravity of a mixture of two substances, mixed with equal volumes is 8 and when they are mixed in 
equal masses the sp. gravity of the mixture becomes 6. Calculate the sp. gravity of the constituent substances. 
[Ans.12,4] 3 
Describe an experiment in brief to prove that atmosphere exerts pressure. Explain the statement that the 
Standard atmospheric pressure is 76 cm of mercury column. Calculate its magnitude in M. K. S. Unit. 


Given : Density of mercury = 13:6 gm / c.c.; g = 980 cm/sec?. 5 
Explain the principle of action of a siphon. Write down and explain the necessary conditions for working 
of a siphon. 5 


Group — C (Answer any two questions) 
Define coefficient of real expansion of liquid. Establish a relation between density and coefficient of real 
expansion of liquid. 
Inner volume of a glass flask is 540 c. c. Calculate the volume of mercury to be put inside the flask so that 
the inner volume above mercury remains unaltered at all temperatures. 
Coeff. of real expansion of mercury = 1:8 x 10C 


Coeff. of volume expansion of glass = 2:5 x 10 55C. [Ans. 75 c.c.] 3 
Explain the buckling of a bi-metallic strip of two different metals, riveted together when heated. Mention 
one application of the bi-metallic strip. 23-1 
Distinguish between thermal capacity and water-equivalent of a substance. 2 
State and explain the fundamental principle of calorimetry. 2 


A piece of metal of mass 70 gm is heated and dropped into 116 gm of water, kept in a calorimeter of 
water-equivalent 10 gm. Calculate the sp. heat of metal of the piece of metal, if the drop of temperature of 
the hot piece of metal is 15 times the rise of temperature of calorimeter and water. [Ans. 0:12] 5 
Define volume coefficient and pressure coefficient of expansion of gas. Show that in case of a perfect 
gas, these two coefficients of expansion are equal. 5 
What is evaporation ? Mention the factors on which rate of evaporation of liquid depends. 4 
Define dew point and relative humidity. How will the dew point and relative humidity of a room change 
if the temperature of the room be increased keeping the amount of water vapour in the atmosphere of the 
room unaltered ? 4 
On a certain day, the room temperature and dew point are 18:5?C and 12°C respectively. The saturated 
vapour pressures of the room at 18°C, 19°C and 12°C are respectively 15:46 mm, 15:86 mm and 10:46 
mm of mercury column. Calculate the relative humidity on that day. [Ans. 67.496] 4 
Give two examples showing the conversion of mechanical work to heat. How is the amount of heat 
produced by mechanical work related to the amount of work done ? 3*1 
Calculate the amount of work to be done to convert 100 gm of ice at 0°C to water at 100°C. 
Latent heat of fusion of ice — 80 cal / gm ; Mechanical equivalent of heat — 4:2 Joules/cal. 5 
[Ans. 75-6 x 10? J] 
What is Brownian motion ? Mention the characteristics of this motion. 
"'Different materials have different thermal conductivity. —Establish the statement with the help of an 
experiment. 5 
Define coefficient of thermal conductivity. What is its unit in C. G. S. system ? 3 


A block of ice at 0°C is connected to steam chamber by a metal rod of length 10 cm and of cross - section 
2 sq. cm. Calculate amount of ice that will melt per second. 
Latent heat of fusion of ice — 80 cal / gm. 


Coeff. of thermal conductivity of the material of the rod — 0:25 C. G. S. unit. [Ans. Ke] 4 
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Group — D (Answer any two questions) 


What do you understand by S. H. M. ? Write down its characteristics. Explain the statement- ''S. H. M. 
is a periodic motion, but all kinds of periodic motion are not S. H. M” 5 
Show that the motion of a simple pendulum is S. H. M., if the amplitude of the pendulum is small. 3 
What is an echo’? Why cannot echo be heard if sound be produced in a small room ? Explain how the 
depth of the ocean can be determined with the help of echo. 4 
Write down the principal difference between noise and musical sound. Mention the characteristics of 
musical sound. 4 


What is wave-motion ? Define amplitude, time-period and wave length of wave. How are they related ? 5 

The frequency of vibration of a fork is 264/sec. Calculate the number of complete vibrations of the tuning 
fork in the time in which sound from the tuning fork reaches 220 ft in air. 

[Velocity of sound in air = 1100 ft/sec] [Ans. 53] 3 

State and explain Newton's formula for velocity of sound in gaseous medium. Explain why the velocity 
obtained from this formula differs with experimental value. Explain Laplace's correction on the formula. 4 
A tuning fork produces 4 beats per second with 78 cm and 80 cm of a sonometer wire, stretched under 
same tension. Calculate the frequency of the funing fork. [Ans. 316 Hz] 4 
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What will happen to the value of the acceleration due to gravity, if (i) the earth stops rotating, (ii) the 


rotational speed of the earth increases ? 1+1 
A man is to be put into a circular orbit a distance of 1-6 x 10° m above the surface of the earth. The earth 
has a radius of 6:37 x 10° m and mass of 5:98 x 1024 kg. What is the orbital speed ? [ G — 6:67 x 10!! 
N-m^/kg? ] [Ans. 7:8 km/sec] 2 
A gun kept on a straight horizontal road is used to hit a car travelling along the same road away from the 
gun with a uniform speed of 72 km/h. The car is at a distance of 500 m from the gun when the gun is fired 
at an angle of 45? to the horizontal. Find the distance of the car from the gun when the shell hits it. 3 
[Ans. 747 m ] 


What is the gravitational force on a person whose mass is 70 kg when he is setting in a car that accelerates 
at4m/s?? [Given g= 98 m/s? ] [Ans.686 N] 1 


An artificial satellite is moving in a circular orbit around the earth with a speed equal to half the magnitude of 
escape velocity from the earth. 


(i) 
(ii) 


(a) 


(b) 


(a) 


(b) 


(a) 


Determine the height of the satellite above the earth’s surface. [Ans. h = R = 6400 Km ] 
If the satellite is stopped suddenly in its orbit and allowed to fall freely on to the earth, find the speed with 
which it hits the surface of the earth. 2+2 
[ The radius of earth = 6:4 x 10° m, g = 9:8 m/s? ] [Ans. 7:9 Km/s ] 
A Fortin’s barometer has its brass scale calibrated at 0°C. If the barometer height is H, at °C, what would 
be the height at 0°C, taking expansion of the brass scale and of mercury into consideration ? E 
How will the reading of a mercury barometer, placed inside a lift, change if the lift starts moving downwards 
with a given acceleration ? Give reasons for your answer. [Ans. Hf/g] 2 


Show that the elastic potential energy per unit volume of a rod stretched longitudinally is i X stress x strain. 
2 
A steel wire of cross-sectional area 0:5 mm? is held between two fixed supports. If the tension in the wire 
is negligible and it is just taut at a temperature of 20°C, determine the tension when the temperature falls 
to 0°C. [ Give Young's modulus of steel = 2 x 10? dynes/cm^ and coefficient of linear expansion. for 
steel = 12 x 10° per °C]. [Ans. 24N] 2 
A piece of sugar weighing 40 g is coated with 5-76 g of wax of specific gravity 0-96. If the coated piece 
weighs 14-76 g in water, find the specific gravity of sugar. [Ans. 1:6] 2° 
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(b) What is law of flobtation ? ` 1 
(e) A piece of ice floats in a vessel filled with water. Will the water level change when ice melts if the final 
temperature of the water remains 0°C ? I 
7. a) Calculate the value of the universal gas constant R and of the gas constant K for 1 gm of air 3 
[Given density of air at NTP = 1:293 and density of Hg = 136 gm/c.c. }(Ans. 2:89 = 10° ergs g ^ic ] 
(b) A stirrer in one litre of water revolves at 360 rpm in a circle of radius $ cm, facing a resistance of 0-1 
Newton. Assuming no radiation loss, how much does the water temperature rise in | hour ? [ Given J = 


42 Veal | [Am. O161°C ] 2 
S. (a) What do you mean by isothermal and adiabatic process ? The temperature of a gas decreases when it 
expands adiabatically—explain. 2 


. 

(b) A mixture of 250 gm of water and 200 gm of ice at 0*C is kept in a calorimeter of water equivalent 50 
gm. If 200 gm of steam at 100°C is passed through this mixture, calculate the final temperature and 
weight of the contents of the calorimeter. 3 
(Latent heat of fusion of ice = $0 cal/gm, Latent heat of vaporization ofesteam = $40 cal/gm) 

{Ans. $722 g; 100°C) 

9. (a) Two masses m, and m, are suspended together by a massless spring of spring constant K. When the 
masses are in equilibrium, m, is removed without disturbing the system. Find the angular frequency and 
amplitude of oscillation of m,. 3 

(b) Discuss the effect of temperature and pressure on the velocity of sound iría gas. 2 
10. (a) Explain the formation of standing wave. ‘ P 2 

(b) ‘An underwater swimmer sends a sound signal to the surface. It produces 5 beats per second when compared 
with the fundamental note of a pipe 20 cm long closed at onc end. What is the wavelength of sound in 
water ? | Given velocities of sound in air and water are 360 m/s and 1500 m/s respectively ] 3 

[Am 455 Ha or, 445 Hz ] 
NH. (a) If the focal length of a lens is inversely proportional to -1 ( ^ being the index of refraction ), and has a 
value $0 mm for violet light, what will be the focal length for red light ? | Given n = 1:532 for violet and 


n W512 for red light ] [Ans $2 mm]. ! 

(b) A certain camera has a lens whose diameter is equal to its focal length by 1-25, Through what 
angle will a ray parallel to the axis and incident on the edge of the lens bent on passing through the 

lens ? [ Given tan 22* = 040 | 1, (Ann @~22") 2 

~ (4€) What are the different types of spectra ? 2 


2, (n) Define the terms : luminous flux, luminous intensity and illuminance What are their units ? 3 
(b) Two sources of light of candle power 27 and 48 respectively are at a distance of 140 cm from each other, 
Where on the line joining them will the illumisanoe be the same ? 2 

[Ans At a distance of 60 cm from the first source ] 

LES ‘What is meant by neutral point in a magnetic field ? Sketch the magnetic lines of force due to a bar magnet 
placed along the magnetic meridian (i) with north pole pointing north and (ii) with north pole pointing south. 
Locate the mevtral in either care t+) 
m The magnetic moment of a magnetic needle of mass 32 gm is 990 cgs units. At which point should we 
suspend the nondie vo as to keep it in a horizontal position im the magnetic meridian ? The horizontal intensity 

f te earth's magmatic field at the given place in 0-32 oersed and the dip angie is 49°N. | g= 980 cen/sec? | 4 
[Am 0-1-cm (towards North point) } 

1S A panicle having a charge 16 = 10°'" C enters midway between the plates of a parallel plate condenser. The 
-—À of the partiche is parallel to the plate. A potential difference of 100V is applied to the capacitor 
ptos. 1f kangsi of each plate ia 10 om aed separation 2 cm, calculate the greatest initial velocity for which 
De particle will mot be abis to comi owt of the plates. 


[The mass of e purtiche is 12 = 107 bg | 
C i 


2 
[Ass 10* mvs} 


" QUESTIONS hes 

Define volt and ampere. 2 
A resistance is made by joining two wires of the same material. The radii of the two wires are | mm and 
3 mm respectively, while their lengths are J cm and $ om respectively. A battery of anf 16 volts and 
negligible internal resistance i$ connected across the resistance. What is the p. d. across the shorter wire ? 
[Ans 103 V] 2 

17. (a) An electric kettle taking ).$ amps at 210 volts brings 1200 c. €. of water from 25°C to 99*C in 12 
minutes. Pind the percentage of energy supplied which goes towards heating water. [Am. 63% | 2 

(b) State (i) Fleming's left hand rule and (ii) Fleming s right hand rule. 2 
Dowd) A nucleus X, initially at rest, undergoes alpha-decay according to the equation AX ~ Py «a. ml 

value of A and Z in above process. 

(b) The half life of radium is 1500 years. In how many years will ! g of pure radium love | mg ? - 
JAms. 2-16 yrs ] 
2 

! 

[ 

2 

' 

2 


> 
L 
d 
D 


- 


(c) Differentiate between nuclear fission and fusion. 
19. (a) Give two reasons in favour of a semi-conductor diode in relation to à vacuum diode. 
(b) Draw a circuit of full wave rectifier using vacuum diodes. 
i (c) What are the limitations of triode as an amplifier ? 
(d) What is the equation for photoelectric effect ? 
20, (a) -How many times does the electron go round the First Bohr orbit of hydrogen in 1 sec ? 
[Ans 657 © 10 He} 
(b) Light from a discharge tube containing hydrogen atoms falls on the surface of a piece of sodium. The 
kinetic energy of the fastest photoelectrons emitted from sodium is 073 eV. The work function is 1-82 
eV. Find (i) the energy of photons causing the photoelectric emission, (il) the quantum numbers of two 
orbits involved in the emission of photons. (Ans. (i) 255 eV, (0) 4,2) 3 
PIN Two balls am theowe fom the vp of 0 tower vió da MN NENNT ECL NM UM tr 
vertically downwards. Which of them strikes the ground with greater velocity ? [ 
22. The thermal conductivity of aluminium is 0-$0 cal/sec cm degree. Express the same in units of wattvim degree. | 
[Ans 210 watt m "i" ! 


“All harmonies are overtones ; but all overtones are not harmonics'— explain, 

Why right-angled isosceles prisms are used for reflection in periscopes instead of plane mirrors ? À 
How, high does a mercury barometer stand on a day when atmospheric pressure is 986 Alta? ! 
The velocity of sound is generally greater in solids than in gases t NTP ( Normal Temperature and Pryor ) 
Give the reason. 

What is meant by the statement that the dielectric constant of water is 807 i 
A half-wave rectifier is being used to rectify an alternating voltage of frequency 50 Hiz. What will be the 
frequency of the rectified voltage signal ? Is it same for full-wave rectifier ? [Am. 100 Ha) 1 
What is Rydberg's constant ? ! 
Draw the circuit of a half-wave rectifier using a pa junction diode. L] 
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Group — A (Answer any (wo questions) 

1. (a) State Newton's laws of motion. Explain how we get definition of force from Newton's firs haw, "n 

(b) What is the difference between "impulse of a force’ and “impulsive fore ? 
t) Wa b bs datana pai MAA ts 5 AMEE C 
to stop it in 20 seconds 7 [Am.23N] ? 
2. (a) State the laws of static friction. , 
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(b) 
(c) 


. (a) 


(b) 
(c) 


. (a) 


(b) 


(c) 


. (a) 


(b) 
(c) 


. (a) 


(b) 


(c) 
(d) 


. (a) 


(b) 


RO) 
. (a) 


(b) 


(c) 
(d) 


- (a) 


(b) 
(c) 


(d) 


A TEXT BOOK OF PHYSICS ` 
Define angle of repose and coefficient of friction. Establish the relation between them. 242 
Two bodies of unequal. mass have same kinetic energy. Which one will have greater momentum ? Give 
explanation. d 3 
What do you mean by centrifugal force ? Why is it called a pseudo force ? 243 
Establish the relation between Horsepower and Watt. 3 
What do you understand by resolution of a vector into two mutually perpendicular components ? 2 
What do you mean by relative velocity ? Explain the statement,—‘all motions are relative’. tie 


A car is moving towards north with velocity 80 km/hour. Another car is moving towards north-west with 

a velocity 8042 km/hour, Find the relative velocity of the second car with respect to the first car. — 3 
[ Ans. 80 km/hr; 45° with N. W.] 

A ball falls from a height 4 upon a fixed horizontal floor. Show that, if e be the coefficient of restitution, 


l+e? 
the distance traversed by the ball before it stops rebounding is 1 = h. 4 


Group - B (Answer any two questions) 


State Newton's law of gravitation. Define universal gravitational constant and write its unit. pini) 
Find a relation connecting gravitational constant and mean density of the earth. 3 


An artificial satellite is revolving round the earth along a circular path being at a distance of 3400 km 
above the earth's surface. Calculate the velocity of the satellite. Radius of the earth = 6400 km ; g = 980 


cm/sec?. [Ans. 6:4 cm/s] 3 
Define Stress and Strain. 2 
What do you mean by the statement, * Young's modulus of steel is 2 x 10?? C. G. S unit’ ? What will be 
the value of Young's modulus of steel in M. K. S. unit ? ps2 
‘Steel is more elastic than rubber'.—Discuss. 2 
Describe the principle of measurement of Young's modulus. 3 


State Pascal's law. Explain how multiplication of thrust may be obtained from this law. ‘‘The principle of 
multiplication of force does not violate the principle of conservation of energy."—Discuss. 142-42 
What is *buoyancy' ? On what factors does it depend ? 1*2 
*A floating body has no weight.'—Explain. 2 
The weight of a piece of wood in air is 40 gm. A piece of brass of mass 12 gm is tied with the wooden 
piece and the combination floats just fully immersed in water. If the specific gravity of brass is 8-5 and the 


density of water be 1 gm/c.c., find the specific gravity of wood. [Ans. 097] 3 
How can you determine the height of a mountain with the help of a barometer, if the average density of air 
is known ? 2 
Why does free surface of a liquid at rest remain horizontal ? 2 


A liquid of mass m, and density d, is mixed with another liquid of mass m, and density d. If the volume 


d, d. s 
of the mixture does not change, then what will be the density of the mixture ? [ans ed 


Group — C (Answer any two questions) 


Define coefficient of volume expansion of a solid. Establish its relation with the coefficient of linear 
expansion. 4 1*3 
A metal scale does not give correct value at all temperatures. —Explain. 2 
A metal scale gives correct reading at 25°C. If the reading of the length of-a rod on that scale at 15°C is 
80 cm, find the correct length of the rod at that temperature. (Coefficient of linear expansion of the metal 
215x107*/ C ). [ Ans. 79:98 cm] 3 


What do you mean by anomalous expansion of water ? How can this property of water become helpful for 
the survival of aquatic animals ? 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


(a) 


(b) 
(c) 


(d) 
(a) 


(b) 
(©) 
(a) 
(b) 


(c) 


(a) 


(b) 
(a) 
(b) 
(a) 


(b) 
(c) 
(a) 


(b) 
(c) 


+ (a) 


(b) 


(a) 
(b) 


QUESTIONS 867 


State Charles? law. What do you mean by absolute scale of temperature ? How is the concept of this scale 


obtained from Charles' law ? 5 
Define latent heat, specific heat, water equivalent. 3 
What do you mean by mechanical equivalent of heat ? Write down its magnitude in M. K. S. and C. G. S. 
unit. , 2 


State the influence of pressure on the melting point of a substance. 

Write down the basic postulates of kinetic theory of gas. Explain the concept of temperature from this 
theory. 4+2 
A copper calorimeter of mass 100 gm contains 200 gm of water at 50°C. A piece of ice of mass 20 gm at 
—5°C is dropped into the calorimeter. What would be the final result ? Specific heat of copper = 0:1 and 


that of ice = 0-5, latent heat of fusion of ice = 80 cal/gm. [Ans. 38:48°C] 4 
What do you mean by adiabatic change of a gas ? 2 
What is the difference between conduction and convection of heat ? Briefly describe thermoflask with a 
diagram and explain its principle of action. 2+4 
What will be the difference of temperature between the top and bottom of a waterfall of height 400 metres 
assuming 80% of heat is contained in water ? [Ans. 0:373°C] 3 
Explain why cooking becomes. quicker, if the bottom of the cooking vessel be made black and rough ? 
3 


Group — D (Answer any two questions) 


1f the equation of motion of a particle executing S. H. M. be x —a sin (Wt + 0), obtain expressions for its 
velocity and acceleration. If m be the mass of the particle, calculate the magnitude of maximum kinetic 


energy of the particle. 5 

What is resonance ? Explain it with example. ` 3 

What are stationary waves ? State the characteristics of such waves. 2:8 

State the laws of transverse vibration of a stretched string. < 3 

Establish the relationship between the frequencies of fundamentals produced by two pipes of equal length 

of which one is open at both ends and the other is closed at one end. Sues 
2 


What do you mean by beats ? 

Two tuning forks A and B produce 5 beats when sounded together. Find out frequencies of the forks, if 

they produce resonance with 36 cm and 37 cm respectively of air column of a tube closed at one end. 
[Ans. 185 Hz, 180 Hz] 3 


What are the effects of (i) pressure. (ii) temperature (iii) density and (iv) humidity on the velocity of 


sound in air ? 4 
At what temperature is the velocity of sound in air twice its velocity at 0°C ? 2 
2 


What are the principal differences between light wave and sound wave ? 


JOINT ENTRANCE PHYSICS—1997 


A satellite carrying an astronaut is placed in orbit by a rocket. What changes in weight will the astronaut 
feel (i) during launch, (ii) in orbit ? Explain your answer. 2 
A body starts from rest with an acceleration proportional to time. (i) What will be its velocity n seconds 
after start ? (ii) What distance will it cover in the n seconds ? [Ans. (i) ike , (ii) lk? 102 
Is angular momentum a scalar or a vector quantity ? Explain your answer. 2 
A machine-gun fires 180 bullets per minute on à steel plate, Each bullet has a mass 20 gms and a velocity 
1 km/sec. The bullets return with half their velocity after hitting the steel plate. What force is necessary to 
hold the plate ? [Ans. 90N] 2 
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10. 


11. 


12. 


13. 


. (a) 


(b) 


(a) 
(b) 
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What is meant by coefficient of friction ? 2 
A body moving on ground with a velocity of 14 m/s comes to rest due to friction after moving ‘over a 
distance of 50 metre. Determine the coefficient of friction between the body and the ground. Given, 
acceleration due to gravity = 9-8 m/s’. i [Ans.u 2 02] 2 
Find the relation between the universal gravitational constant and the mean density of the earth. 1 
Assuming that the moon describes a circular orbit of radius 3-8 x 10? km about the earth in 27 days and 
the earth describes a circular orbit of radius 1-5 x 10° km round the sun in 365 days, determine the ratio 
of the mass of the sun and the earth. [Ans. 3:34 x 10? 1573 


20 kg-wt is suspended from a length of copper wire 1 mm in radius. If the wire suddenly breaks, does its 
temperature increase or decrease ? 4 
Calculate the change in temperature. 


. (a) 


(b) 


. (a) 


(b) 


. (a) 


(b) 


- (a) 


(b) 


(b) 


Young's modulus for copper = 12 x 1019 N/m? 

Density of copper - 9000 kg/m? 

Specific heat of copper = 100 cal kg c! 

Mechanical equivalent of heat = 4:2 Joules/cal, g = 9:8 m/sec” [Ans. 429 x 10? K ] 
“The Poisson's Ratio depends only on the nature of the material and not at all on the stress applied within 
elastic limit’’—Explain. 1 
If the work done in stretching uniform wire of cross section 1 sq mm and length 2 metres by 1 mm be 
0:05 Joules, find the Young’s modulus of the material of the wire. [Ans. 2 x 10!! N/m? 153 
Derive the relation between the two specific heats of gas. 3 
The specific heat at constant volume for oxygen is 0-155 cal/gm/°C. Find its specific heat at constant 
pressure. [Ans. C, = 0-218 cal gC! ] 2 
Molecular weight of oxygen = 32 ; Universal gas constant = 2 cal/mole/?C: 

Plot the variation of saturated vapour pressure of water as a function of temperature from 0° to 100°C.2 
The temperature of the air in a closed space is observed to be 15°C and the dew point 8°C. If the temperature 
falls to 10°C, how will the dew point be affected ? Pressure of aqueous vapour in mm of Hg at 7°C = 7:49 
and at 8°C = 8:02. B 
A smooth tunnel is bored along the straight line joining any two points on earth. A particle is released at 
one end of the tunnel. Assuming the earth to be a uniform sphere, find the period of simple harmonic 
motion of the particle. 3 


When a particle executing SHM is 2 cm away from the mean position, its kinetic energy is double the 
potential energy. At what distance from the mean position will the P. E. be double the K. E. ? 2 


[Ans. 242 cm] 
Explain why a medium is necessary for the propagation of sound. What conditions must the medium 
fulfil ? 2 
A set of 24 tuning forks is arranged in a series of increasing frequency. If each fork produces 4 beats/sec 
with the preceding one and the last fork sounds the octave of the first, calculate the frequency of the first 
and the last fork. [Ans. 92 Hz, 184 Hz] 2 
What is Doppler Effect ? 1 
Show by means of a ray diágram how an image is formed by an astronomical telescope. 2 
What are Fraunhofer lines ? Why are they produced ? 142 
What are candle power and candela ? What is the relation between Lumen and Lux ? 3 
An electric lamp of luminous intensity 32 candela is 4 ft above a table. Find the illumination on the table 
(i) directly below the lamp, (ii) at a distance of 3 ft from this point.[Ans. 2 ft-candle, 1-024 ft-candle] 2 
""The retentivity of soft iron is slightly greater than that of steel, though its coercivity is very small." 
Explain the above statement defining ‘Retentivity’ and ‘Coercivity’. 2 


(i) What do you mean by the statement that “‘the Curie point of Nickel is 360°C” ? (ii) Give a brief 
information about the ‘magnetic storm’. i 2 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 
23. 
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25. 
26. 
27. 
28. 


29. 
30. 


QUESTIONS 869 


(a) What is a magnetic screen ? How does it function ? 2 


(b) The N and S poles of a bar magnet are at a distance of 13 cm. P is a point in the field such that NP- 


5 


cm and SP = 12 cm. If the pole strength.at N or S be 3600 units, find the intensity at P in magnitude and 
direction. [Ans. 146:15 units; tan“! (25) 12 
(a) Explain with a graph the variation of potential and field intensity of a hollow charged spherical conductor 


both inside and outside the sphere with distance. 
(b) An infinite number of charges, each of value q are placed on the x-axis at the points x — 1,x=2,x=4, 


x 


cR: Find the potential and intensity due to these charges at x 0. If the charges are alternately 


positive and negative, what will be the potential and intensity ? [Ans. (i) 24, iq, (ii) 24,49 ]1-*44 


(a) A proton moving with a speed of 5 x 10° m/s is subjected to a magnetic field of 0:40 Tesla magnitude and 
inclined at an angle of 30° with respect to the proton's velocity. What would be the acceleration of the 


proton ? ( Proton mass = 1:6 x 107"kg ) [Ans. 10^ ms? ] 2 
(b) Define a Tesla. 2 
(a) What are Peltier and Thomson coefficients ? Compare Peltier effect and Joule effect. 2 
(b) What energy will be necessary to electroplate a 10 cm? plate of copper on both sides with a 0-001 cm 

coating of copper using a 12 volt battery ? 2 

[ ECE of copper — -0003 gm/coul, Density of copper = 9 gm/cc ] [Ans. 7200 J] 
(a) What is meant by artificial transmutation of elements ? Give two examples of such transmutation. 3 
(b) Compare the principal properties of œ, B, y and X-rays. 2 
(a) What do you understand by the statement ‘‘The half life of Radium is 1622 years” ? 1 


(b) In a radioactive decay, the nucleus emits an o.-particle followed by two B-particles. Show that the final 


nucleus is an isotope of the original one. 


2 


(c) The half life of Thorium is 1-5 x 10!° years. What will be the time required for 20% radioactive decay of 


some amount of Thorium ? 


[Ans. 4:8 x 10° yrs.] 2 


Distinguish between p- and n-type semiconductors. How would you bias a p-n junction diode in the forward 
and reverse direction ? Draw the I-V characteristics of such a diode in both forward and reverse-biased 


conditions. : 

In order to measure the focal length of a convex lens; if red light instead of blue light is used, whether the foc: 
length will increase, decrease or remain unchanged ? 

Why does water at Darjeeling boil at a temperature much below 100°C ? 

Why is it impossible to walk on a fully polished surface ? 

The critical temperature of CO; is 31-4*C. Will you call it a gas or a vapour at 25°C ? 

State the relation connecting refractive index with velocity of light. 


State the S. I. unit of specific heat. 
What type of magnetic material is repulsed by a magnet ? 
In what conditions, a particle remains stationary under the influence of three unequal coplanar vectors ? 


What is meant by the term ‘disintegration constant’ in the field of radioactive decay 2 
What is the physical significance of *«mutual conductance” of a triode ? 


1998 
First Paper 


Group — A (Answer any two questions) 


(a) State the parallelogram law of vector addition. With the help of this law, determine the magnitude and 


direction of the resultant of two vectors acting at a point and inclined to each other at any angle. 


5 


al 
1 


1 
1 
1 
1 
1 
1 
1 
1 
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(b) 


(b) 


(d) 


. (a) 


(b) 


(c) 
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. (a) 


(b) 


(c) 
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. (a) 


(b) 
(c) 


(d) 


. (a) 


(b) 


(c) 


(a) 
(b) 
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What is a unit vector ? How can a vector be expressed with the help of a unit vector ? Can you add three 
unit vectors to get a unit vector ? 3 

The maximum and minimum values of the resultant of two forces acting at a point are 15N and 7N 
respectively. If the magnitude of both the forces are increased by 1 N and if these two new forces act at an 


: eet 13N, tan! 
angle of 90°, find the magnitude and direction of the resultant. Ans. NAE Y 5j 
Establish the relation S=ut+5 f? by the graphical method. The symbols u, f, s, t have théir usual 
meanings. : 4 
State Newton's third law of motion and explain it with an example. 2 
A body of weight W, is suspended from the ceiling of a room through a rope of weight W>. What force 
is exerted on the rope by the ceiling ? [Ans.W,+W,] ! 


A body is thrown with a velocity of 20 m/sec at an angle of 45? with the horizontal. 
(i) What is the time taken by the body to reach the ground ? 
(ii) What would be the maximum height reached by the body ? 


(iii) How far away from the starting point does it reach the ground ? (Given g= 10 m/sec”) 3 
Define ‘centripetal force’. Obtain the expression for it. Vas) 
What do you mean by the moment of a force about a point ? How can you describe it as a vector 
quantity ? 2 
It is difficult to write on a very smooth or a very rough paper. —Explain. 2 
What should be the period of rotation of the earth about its own axis so that a person on the equator will 
feel weightless ? (Equatorial radius = 6400 kilometres, g = 9:8 m/s?). [Ans. 1-41 hr] 2 
Write down the conditions of equilibrium of a body acted on simultaneously by several coplanar 
. forces. : 
What do you mean by ‘centre of gravity’ of a body ? When do centre of gravity and centre of mass 
coincide ? etal 
Obtain an expression for the kinetic energy of a particle of mass m moving with a velocity v. 3 


Find the work done in joule by a man weighing 140 kg and carrying 20 kg of load to the top of a ladder 
16 m long, making an angle of 30° with the Horizontal. (Given g = 9:80 m/sec’) [Ans. 12544 J]] 3 


Group — B (Answer any two questions) 


What is the acceleration due to gravity ? Show graphically the variation of acceleration due to gravity with 


the distance from the centre of earth. 1+1 
How does the value of ‘g’ change at different places due to earth’s diurnal motion ? 3 
What is escape velocity ? Write down the magnitude of the escape velocity for a body projected from the 
earth's surfáce. 2 
If the radius of the earth decreases by 1% without changing its mass, by what per cent will the acceleration 
due to gravity at the surface of the earth change ? [Ans.2%] 3 
What do you understand by Elasticity ? State and explain Hooke's law. Define Poisson’s ratio. 4 


The Poisson's ratio of a body is ‘o’. Show that if ‘a’ be the longitudinal strain, the volume strain 
= (I -20)a. à s 3 


_ A wire of length ‘L’ and cross-sectional area ‘œ’ is stretched by ‘/’, where / < < L. Show that if the elastic 


2 
limit is not exceeded, the potential energy of the wire increases by vat. 3 


State Archimedes’ principle. How can you determine the amounts of different metals in an alloy by applying 
Archimedes’ principle ? 


Write down the conditions of floatation of a body. Is Archimedes’ principle valid in a lift falling freely ? 
Explain. 4 


(c) 
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QUESTIONS 871 


A glass ball of density 2-6 gms/c.c. is coated with a thick layer of wax of density 0-8 gm/c.c. If the 
combination floats in water completely submerged, find the ratio of the volume of wax with that of the 
glass ball. [Ans.8] 2 
What is a ‘siphon’ ? Explain its action. Will it work on moon's surface ? 4 
What do you understand by “Standard Atmospheric Pressure’ ? Determine its magnitude in the bar unit. 
(Barometric height of mercury = 76cm; g= 980 cm/sec, density of mercury = 13-60 gm/c.c.) 

[ Ans. 1-013 ] 3 
A barometer reads 760 m. m. at the ground floor of a tall building 102 m high. What will it read at the top 
of the building ? a 
(average density of air = 1:24 gm/litre ; density of mercury = 13:6 gm/c.c.) [Ans. 749-1 mm] 3 


Group — € (Answer any two questions) 


Define coefficient of apparent and real expansion of a liquid. Which one of these two is a characteristic of 
a liquid ? Find the relation between these two coefficients and the coefficient of volume expansion of the 
vessel. 6 
Deduce an expression for the variation of density of a solid with temperature. 3 
A piece of metal weighs 46 gm. in air. When it is immersed in a liquid of specific gravity 1:24 at 27°C, it 
weighs 30 gm. When the temperature of the liquid is raised to 42°C, the metal piece weighs 30:5 gm. The 
specific gravity of the liquid at 42°C is 1-20. Calculate the coefficient of linear expansion of the metal. 
[Ans. 22 x 105C] 3 
Define volume coefficient and pressure coefficient of expansion of a gas. Show that for a perfect gas, 
these two coefficients are equal. 2 5 
Explain why 1 gm of iron at 100°C melts more ice than a piece of lead of the same mass and temperature. 
What is.the unit of thermal capacity in M. K. S. system ? 241 
Discuss the fundamental principle of calorimetry. 2 
How much heat is required to convert 1 gm of ice at —10°C to steam at 100°C ? 
(Specific heat of ice = 0:5 ; Latent heat of fusion of ice = 80 cal / gm, Latent heat of steam = 540 cal/gm.) 
[Ans. 725 cal] 2 


State and explain the effect of pressure on the melting point. 3 


Define ‘Dew point’ and ‘Relative humidity’. Under what condition, will the room temperature be equal to 


the dew point therein ? a 4 
State the ‘First law of Thermodynamics’. Water at the base of a waterfall is slightly warmer than that at 
3) 


the top. —Explain. 
A given amount of gas is slowly compressed to half its original volume. If the said process is done 
. 2 


quickly will the work done be greater or smaller ? Explain. 


What is meant by ‘Brownian motion" ? How do you explain it from kinetic theory ? 4 
tate in the case of heat conduction ? 


What do you understand by the variable and the steady s! 


Define thermal diffusivity. 4 
A hollow metallic cube has each side 10 cm long and 1 cm thick. It is completely filled up by ice and then 


placed in water at 100°C. How much ice will melt per minute ? 

(Coefficient of thermal conductivity of the metal = 0-5 C. G. S. unit ; Latent heat of fusion of ice — 

80 cal / gm.) [Ans. 225 Kg ] 4 
Group — D (Answer any two questions) 


What are the characteristics of a simple harmonic motion (S.H. M)? The equation of motion of a particle, 


M. is given by x= 6sin (5 +4) cm. Find its time period and the maximum speed. 
[Ans. 45, 9°42 cm/s] 5 
What is a forced vibration ? State the condition under which the forced vibration produces resonance. 3 


executing S. H. 
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A TEXT BOOK OF PHYSICS 


Establish the equation of a progressive wave. 3 
In a gaseous medium longitudinal waves can propagate but a transverse wave cannot —Explain with 
reasons. 2 
What is an echo ? What should be the minimum distance of the reflector to distinctly hear the echo of a 
sound, given that the velocity of sound is 1120. ft/sec ? [Ans. 56 t] 3 
Prove that the pitch of the fundamental tone emitted by an open pipe is one octave higher than that 
emitted by a closed pipe of the same length. Why does the sound emitted by an open pipe appear more 


musical than the sound emitted by a closed pipe? - 5 
Which property of waves proves that light waves are transverse ? 1 
What are the conditions, for the clear audibility of beats ? 2 
State and explain Newton’s formula for the velocity of sound in gases. Explain the Laplace correction of 
this formula. 5 


The masses of one litre of hydrogen and 1 litre of air are 0-896 gm and 1-293 gm respectively at the same 
temperature and pressure. If the velocity of sound in air at that temperature is 330 m/sec, what will be the 
corresponding velocity in hydrogen ? [Ans. 397-6 m/s] 3 


JOINT ENTRANCE PHYSICS—1998 


The units of three physical quantities X, Y, Z are gm. cm’, sec. gm. sec” and cm. sec? respectively. 
Find the relation among X, Y, Z. [Ans. X - KYZ 12 
The distance traversed by a moving particle at any instant is half of the product of its velocity and the time 
of traverse. Show that the acceleration of the particle is constant. 2 
What do you understand by centrifugal and centripetal forces ? Explain with examples. 2 
The radius of the earth is 6000 km. Find the centripetal acceleration on a point on the equator due to the 
earth's rotation. [Ans. 3-17 cm/s? ]- 2 
Is work a scalar or a vector quantity ? Explain your answer. 1 


A car weighing 2000 Ibs moves up a slope of inclination 4 with a speed 30 mph. The rotational friction 
coefficient of the wheels with the road is 0-03. Find the power of the car. [Ans. 8HP] 3 


What is the bulk modulus ? How is it related to compressibility ? 1+1 


A wire of original length L and cross-sectional area A is stretched, within the elastic limit, by a stress t. 
Show that the density of stored elastic energy in the stretched wire is t/2Y. [ Y is Young's modulus ]. 2 


Explain whether the temperature of a wire under tension will change if it breaks suddenly. . 1 
If ‘e’ be the longitudinal strain of a wire under the application of a force, show that volume strain of the 
wire will be e (1 — 26) where 6 is the Poisson’s ratio. 3 


A car passes over an arc bridge. The centre of gravity of the car follows the arc of a circle of radius 88 ft. 
Assuming that the car has a weight of 2 tons, find the force exerted by the car on the road at the highest 
point of the bridge if the car is travelling at 30 miles per hour. At what speed will the car loose contact 
with road ? [Ans. 4-48 x 10* poundals, 53-07 ft/s] 2 
If the radius of the earth were to decrease by 4 percent, what would be the change in the length of the 
day ? Consider the earth to be a uniform sphere whose moment of inertia | = 2MR? where M and R are 
the. mass and radius of the earth respectively. [Ans. 024 hr] 2 
Why the saturated vapour pressure of a liquid at boiling point be equal to the superincumbent pressure ? 2 


A gas expands in such a manner that its pressure ‘P’ and volume ‘V° comply with the condition PV? = 
constant. Find out whether the gas is heated or cooled during such an expansion. 3 


What is the relation between the coefficients of. linear and volume expansion ? 2 


At 0*C, three rods of equal length form an equilateral triangle ABC. AB has a coefficient of linear expansion 
œ, and the other two rods have B as the coefficient. At f?C, what will be the increase in angle C ? 3 


s “or a-p 
[Ans x] 
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QUESTIONS 873 


How can stationary waves +> produced ? What are the distinctions between progressive and stationary 
waves ? 3 
Two vibrating tuning forks of frequencies 50 Hz and 100 Hz touch the surface of water and produce 
waves of wavelength 0-6 cm and 0-36 cm respectively. Compare the velocities of the two surface waves. 
[Ans. 5:6] 2 
According to Newton's formula, what is the value of the velocity of sound in air ? How is this modified 
by Laplace's correction ? Does the velocity of sound depend on pressure ? Explain your answer. 3 
[Ans. 280 m/s, 332 m/s] 2 
In Helium gas at —173?C the velocity of sound is 582 m/sec. The molecular weight of Helium is 4. Find 
the constant r for Helium. [R = 8:31 x 107 ergs mol °C] [Ans 163] 2 
A concave lens made of a material of refractive index ‘w’ is immersed in a medium whose refractive index 
is greater than jt. When a parallel beam of light is incident on the lens, trace the path of emergent rays. 3 
The near-point of a man is at a distance of 200 cm from his eyes. What spectacle should he use in order 
to read a print 25 cm away from his eyes ? [Ans * 35D] 2 
Show that the relation between the object and image distance for the eye is given by I /S+1/8’=1 with 
S-s/f and S'-S'/ f’. Here fand f" are the front the back focal lengths, respectively, and S and S* 
are the object and image distances measured from the principal plane. 3 
A lens system consisting of 0:5 diopter lens is mounted in front of a 2-0 diopter lens. Assume zero 
distance between the lenses. (i) What is the power in diopters of the lenses ? (ii) What is the focal length 
of this lens combination ? [Ans. (i) 2:5 D, (ii) - 40cm] 2 
Explain the statement—'* Angle of dip at Calcutta is 30°N and the Horizontal component of earth's magnetic 
intensity of Calcutta is 0:3725 C.G.S. unit". 2 
Calculate the angle of dip and the resultant of the earth's magnetic field at a place where the horizontal 
component of the earth’s field is 0-36 Oe and the vertical component is 0:12 Oe. [Ans. 0'38 Oe] 2 


What is the magnetic moment of a bar magnet ? 1 


What is the magnetic intensity on an axial point near a bar magnet ? 3 
A shower of protons from outer space deposits equal charges + q on the earth and the moon, and the 
2 


electrostatic repulsion then exactly counterbalances the gravitational attractions. How large isq? 
[Ans. q= Jan €0)GMm ] 

plates separated by 10? m, what is the electric field ? 1 
[Ans. 33:3 esu/cm ] 

metal sphere of radius R with total charge Q. 2 
[Ans. Q^ /(81&oR) ] 

lyte differs from metallic conduction of 
1 

0 W lamps are connected to the mains. Which lamp will glow 
[Ans. First lamp ] 3 


a circuit and measures the current drawn from the cell to be I. When he joins 
irent becomes I,. When he connects the cells in 
3 


If a 1000V battery is connected to two parallel 
Find the electric potential energy of an isolated 


In what respect the flow of electric current through an electro 


current ? 
A series combination of a 60 W and a 10! 
brighter and why ? 
A student connects a cell to 
a second identical cell in series with the first, the cui 
parallel, the current through the circuit is L,. Show that 31,1, = 21, (Ip + 13). 
State Faraday's Laws of electrolysis. 1 
How many oc-particles and how many f-particles are emitted altogether by an atom of U-238 as it decays 
progressively to Pb-206 ? The atomic numbers of uranium and lead are 92 and 82 respectively. 2 
[Ans. 8,6] 
oratory in which a certain amount of radioactive material of half-life 20 days 


An accident occurs in a lab 
becomes embedded in floor, walls etc. Test show that the level of radioactive radiation is 32 times the 


permissible level of normal occupancy of the room. After how many days will the room be safe ? 
[logio = 1:5052 ] [Ans. 100 days] 3 
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(a) What is Einstein’s photo-electric equation ? Explain the terms ; threshold frequency, stopping potential 
and work function. 3 
(b) The work function of potassium metal is 2:2 electron-volt. What is the threshold frequency for photo- 
electric emission ? h = 6:625 x 10°27 erg sec., 1 eV 16 x 1097? ergs. [Ans. 5313 x 10^ Hz Je 


(a) What is a transistor ? Explain the difference between a n-p-n and a p-n-p junction transistor. 3 
(b) What is nuclear fission ? Explain how energy is produced during fission. 2 
What is the intensity of 60-dB sound ? [Ans. 105 W/m? qd 
State whether it is possible that the coefficient of friction is greater than 1. 1 
What is the unit of the universal gravitational constant in C.G.S. system ? 1 
Complete the following nuclear equation : UN * iHe > 170 +? [Ans. B! ].1 


State whether the r. m. s. velocity of oxygen and hydrogen molecules will be equal at the same temperature. 


1 
What is the relation between the critical angle and refractive index ? 1 
Why do astronauts on the moon have to talk to each other over the radio ? 1 
Two spheres of the same material have radii Im and 4 m and temperatures 4000 K and 2000 K respectively. 
Show that the energy radiated per second by the both spheres are equal. 1 
What do you understand by the statement—‘‘The electro-chemical equivalent of silver is 0-001118 gm 
coulomb” ? 1 
What velocity a rocket be given so that it can escape the gravitational field of the carth ? 1 
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Group — A (Answer any two questions) 


+ (a) A train is moving along a straight line. What will be the nature of the velocity-time graph in the following 


cases ? (i) the train is moving with a uniform velocity. (ii) the acceleration of the train is increasing. 
(iii) the acceleration of the train is decreasing. 

(b) Can the resultant of three vectors be zero ? Can the magnitude of the resultant of two vectors be smaller 
than the magnitude of either of them ? Explain. 

(c) A body moving with a uniform acceleration covers 65 cm in the fifth second and 105 cm in the nineth 
second. What distance will it move in 15 seconds ? [ Ans. 1425 cm ] 

(a) State Newton's second law of motion. Show how the unit of force can be derived from this law when the 
unit of mass is 1 kg and the unit of acceleration is 1 m/sec”. What is the name of this unit of force ? 

(b) A body of mass m moving with a velocity v in the x-direction collides with another of mass M moving in 
the y-direction with a velocity v. They coalesce into one larger body after collision. Calculate the direction 
and magnitude of the velocity of the larger mass. 

(c) State the laws of static friction. Normal walking is not possible over a frozen lake. Explain. 


(a) Define Work and Power. What is Horse Power ? Deduce its relation with Watt. 2417-2 
(b) What is angular momentum of a rotating body ? What is its relation with the torque applied on the 
body ? 1+1 


(c) A pump is lifting 200 litres of water per minute through a height of 5 metres and ejecting it through a 
nozzle of 2 cm diameter. Find the velocity of water ejected and the power of the pump. 


[Ans. 10:6 m/s, 350:59W i E 


- (a) Define rest and motion. What is absolute rest ? What do you mean by relative velocity ? 2+1+1 


(b) A boat travels 8 km/hr in still river water. If the velocity of the water current is 4 km/hr, at what angle 
^. With the shore must the boat be steered to reach a point directly on the opposite bank ?.[ Ans. 60°] 3 


(c) What is centrifugal force ? The radius of the earth is 6400 km. What will be the magnitude of the centrifugal 
acceleration in the equatorial region due to diurnal rotation of the earth ? EF2 
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QUESTIONS 875 


Group - B (Answer any two questions) 
State Newton's law of gravitation, What is gravitational constant ? Write down its magnitude and unit. 
0014152 

Deduce the relation between the gravitational constant and the acceleration due to gravity at a place on the 
earth's surface. 2 
A cannon ball is fired vertically upwards from a cannon with a velocity of 300 m/sec. Find (i) the maximum 
height attained by the ball (ii) time for its ascent and (iii) its velocity 15 seconds after firing. 

[Ans. (i) 4591-84 m/s, (ii) 30:6 sec, (iii) 153-0 m/s] DALFI 
Define Young’s modulus. What is elastic limit ? 2+2 
What is Poisson’s ratio ? 2 
A wire of length 200 cm and diameter 2 cm is suspended vertically from one end. Its Poisson's ratio and 
Young's modulus are respectively 0:2 and 1-8 x 1012 dynes/cm?. What will be its lateral strain if a load 
of 1000 kg is suspended from its other end ? [Ans. 3:47 x 10? T4 
What do you understand by pressure and total thrust on a surface immersed in a liquid ? 22 
State Pascal's law regarding the transmission of fluid pressure and explain how thrust can be increased 
with its help. 
Show that this multiplication of thrust does not violate the principle of conservation of energy. 2 
Describe the principle of action of a lift pump. Can water be raised to any height from any depth by this 
pump ? , ; 341 
What is the difference between the specific gravity and density of a body ? 2 
A body can float in a liquid with V4 of its volume outside the liquid. The body is completely immersed 
inside the liquid and released. What will be its upward acceleration at that time ? [Ans. g/3] 4 


Group - C (Answer any two questions) 


What do you mean by the coefficient of linear expansion of a solid ? Establish its relation with the 
coefficient of superficial expansion of the solid. 3 1+2 
What do you mean by anomalous expansion of water ? How does this special property of water help to 
save the lives of aquatic animals ? 2:1 
Describe a practical application of bimetallic strips. : 2 
Three rods form an equilateral triangle at 0°C. Two of the rods are made of the same material and the third 
is of invar (whose thermal expansion is nil). If after heating to 1009C the angle between the rods of the 


same material be (3-9), prove that the coefficient of linear expansion of the two rods is Sec (the 


magnitude of 0 is assumed to be small). 


Name and state the law regarding the variation of volume of a gas with temperature at constant pressure. 


1952 

Establish the equation of state of an ideal gas. 2 
What are the differences between boiling and evaporation of a liquid ? What is the effect of pressure on 
; . Scb 


the boiling point ? 3 
An electric bulb of volume 250 c.c. containing air is sealed at 27°C and at a pressure of 10" mm. of 
mercury during its construction. "Determine the number of molecules of air within the bulb. Avogadro 


No - 6-0x 102. [Ans. 8x105] 3 


What do you mean by the statement—latent heat of fusion of ice is 80 cal/gm ? What is the relation 


between the water equivalent and the thermal capacity of a body ? 1382 
Why is heat called a form of energy 2 What is the mechanical equivalent of heat ? 25] 
Isothermal process is essentially a very slow process—Explain. 2 


A calorimeter of water equivalent 50 gm contains 100 gm of water at 30°C. What will be the result of 
mixing 80 gm of ice at -15°C with this water ? (Latent heat of fusion of ice — 80 cal / gm ; specific heat 
of ice = 0:5 cal / gm/°C). : [Ans. 41-25 gm ice melted, temperature 0C] 4 
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A TEXT BOOK OF PHYSICS 
What are the assumptions of the kinetic theory of an: ideal gas ? i 3 
What is the interpretation of temperature in the light of kinetic theory ? : 2 
Which process of heat transmission does not require any medium ? What are the characteristics of this 
process ? d 52 


what will be the temperature of the interface ? [Ans. 58°C] 4 
Group — D (Answer any two questions) 

What is a simple pendulum ? Show that for small amplitude the motions of à simple pendulum may be 

regarded as simple harmonic motion. 142 


Show graphically the resultant of two collinear simple harmonic motion of the same period and phase but 
of different amplitudes. 2 


position ? 3 
What are stationary waves ? How are they produced ? 2.0 


The frequency of a tuning fork is 512 Hz. During the time the tuning fork makes 30 vibrations, sound 
travels through 20 m. in air. Determine the wavelength and the velocity of sound waves in ar, 242 


320 m/sec. 4 
What are the points of similarity and dissimilarity between sound and light waves ? 22 
How does the velocity of sound in air depend on the (i) Pressure and (ii) temperature of the medium ? 2 
What are the characteristics of a musical sound ? i 2 


JOINT ENTRANCE PHYSICS—1999 


What is a frame of reference ? How is the position of a point determined in three dimensional spherical 


polar co-ordinates ? : 2 
Can the magnitude of the resultant of two equal vectors be equal to the magnitude of either of them ? 
Explain your answer. [Ans. 0 = 120°] 3 


F=200N 2. (a) Two blocks ( see figure ) are connected by a heavy uniform rope which 
weighs 4 kg. An upward force of F = 200 N is applied as shown. Find 


7Kg (i) acceleration of the System, (ii) tension at the top of the rope, (iii) tension 

at the mid-point of the rope. [Ans. (i) 2-7 m/s? (ii) 112-5 N, (iii) 87-5 N] 

4 Kg (b) Pulling a roller is easier than pushing it. —Explain. 342 
3. (a) How is work defined ? Under what circumstances can the work done by a 

5Kg force be (i) positive, (ii) negative, (iii) zero ? 2 


2 
2 
level ? [ Earth's 
[Ans. 979.02 cm/s? ]. 2 


[Ans. 7-2 HP] 
What are the differences between mass and weight ? Is any one of them a vector ? 


What will be the acceleration due to gravity in a balloon floating 2 miles above sea- 
diameter = 4000 miles, g at sea-level = 980 cm/sec? ] 
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QUESTIONS 877 


(a) Does Archimedes’ principle hold good in the case of free fall ? 1 
(b) A stone of density 2-5 gm/cc completely immersed in sea water is allowed to sink from rest. Calculate the 
depth to which the stone would sink in 2 secs. Neglect the effect of friction. Specific gravity of sea water 

is 1-025. Acceleration due to gravity — 980 cm/sec?. [Ans. 11-564 m] 3 

(a) Write down Boyle's law and Charles” law. Combine them to form the gas equation. 3 
(b) Ina certain place the atmospheric pressure is 75 cm and the temperature 27°C. At a different place the 
atmospheric pressure is 70 cm and the temperature 17°C. Compare the densities of air at the two places. 
[Ans. 29 : 28] 2 

(a) What are the major differences between evaporation and boiling ? t 3 
(b) From what height should a piece of ice at 0°C be dropped so that it melts completely on impact ? Assume 
that half the potential energy has been converted to heat. [ Latent heat of ice = 80 cal/gm, g = 980 cm/sec”, 

J = 4-2 joules/cal ] [Ans. 68:57 km] 2 

(a) Give one example of transverse vibration and longitudinal vibration. 2 
(b) The total energy of a body in simple harmonic motion is 3 ergs and maximum force on it is 1:5 dyne. If 
the time period of oscillations is 2 secs and the initial phase be 30°, what is the equation of motion of the 
body ? Also calculate its mass. 3 

A gun is fired on a sea-shore in front of a line of cliffs. A man standing 300 ft away from the gun and 
equidistant from the cliffs notices that the echo takes twice as long to reach him as does the direct report. Find 
the distance of the gun from the cliffs. 3 ; [Ans. 225 t] 5 
(a) Give a brief comparative study of astronomical and Galilean telescope. 2 
(b) A convex lens of focal length 24 cm is kept in front of a convex mirror at a distance of 20 cm on the axis. 
If a pin is kept at a distance of 36 cm in front of the lens, the inverted image of the pin formed by the 


combination of lens and mirror coincides with the object. Calculate the focal length of the miror 2 
[Ans. 26 cm] 


Light enters a prism of angle A at a grazing incidence to emerge at angle € with the normal. Show that the 
refractive index of the material of the prism is given by 


Y 1/2 
«(is E 
sin A 


(a) You are given three bars of the same size, which are a magnet, a piece of soft iron and a piece of copper. 
How would you find out which is what ? 

(b): A bar magnet is placed horizontally along the magnetic meridian in such a way that its south pole points 
north. At 10 cm from the south pole the magnetic intensity is zero. If the distance between the poles is 10 
cm and the horizontal component of the earth's intensity be 0:2 oersted, find the pole strength of the 

magnet. t [Ans. m = 26:67 cgs] 2 

(a) What are the differences between paramagnetic, diamagnetic and ferromagnetic substances ? 2 

(b) At some place the apparent dip in a vertical plane is 40? and in a plane perpendicular to it is 30°, What is 
the true dip at the place ? [Ans. 0 = cot! (3 + cot? 409)] 2 

(a) Obtain the value of the capacitance for a parallel plate condensor. 2 

(b) A conductor of capacity 4 units charged with 100 units of positive electricity is connected to another 
conductor of capacity 2 units charged with 20 units of negative electricity. What is the change of potential 
of each conductor ? [Ans. 11:67 units, 23:33 units ] 3 


(a) What is a choke ? 2 

(b) A plate of area 10 cm? is to be electroplated with copper ( density 9 gm/cc ) to a thickness of 0-001 cm on 
both sides using a cell of 12V. Calculate energy spent by the cell in the process of deposition. If this 
energy is used to heat 100 gm of water, calculate the rise in temperature of water. [ E.C.E. of copper is 
0:0003 g/c ] [Ans. 7200 J ; 17-14?C] 3 
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* (8) State Newton's first law of motion. How can the definition of force be 


A TEXT BOOK OF PHY: SICS 


(a) Explain how Lenz’s law can be explained from the principle of conservation of energy. (2) 
(b) Two cells each of the same e.m.f. but of internal Tesistances rı and r, are connected in series through an 


external resistance R. Find the value of R in terms of rı and r, for which first cell will have zero potential 
difference across it. 2 


(a) Discuss the basic difference between Cathode rays and X-rays. B 
(b) At what temperature will the kinetic energy of a molecule of a gas be equal to the energy of a photon 
having wavelength 6000A ? Given Boltzmann constant — 138 x 1923 y degree. Planck's constant 4 = 
6:625 x 104 Js, [Ans. 1:6 x 104 k] 2 
(a) Explain why the resistance of a Semiconductor decreases with temperature, 1 
(b) An accident Occurs in a laboratory in which a certain amount of radioactive material of half-life 20 days 


Permissible level of normal occupancy of the room. After how many days will the room be safe? 4 


(a) Po?! has a half-life of 140 days. How many disintegrations Per second will occur on 1 gm of Po?!’ » 
[ Avogadro No. = 6:02 x 10% ] 


[Ans. 1:64 x 10"4 dps] 3 
‘ (b) Which nuclear reaction is the source of sun’s energy ? Explain your answer. 2 


If force (F), length (L) and time (T) are taken as fundamental quantities, find the dimension of mass. 1 


What effect will be produced on dew point when the temperature of a room Is increased ? 1 
Calculate the frequency of the fundamental of an organ pipe closed at one end and length 125 cm Given 
velocity of sound in air 350 m/sec, [Ans. 70 Hz] 1 


Why do we Prefer red light for driving during fog ? 1 
How can three resistances of values 2Q, 3Q and 6Q be connected to give effective resistance of 4Q 9 1 
What is the focal length of a parallel glass slab ? 1 
Complete the following nuclear reaction PAL * jHe* > p Tc [Ans. vill 1 


The half-life of a radioactive element js 15 hours. If the initial mass is 1 gm, how much of the element will 
remain after 45 hours 9 


[Ans $2 ] 1 
State Kepler’s third law of planetary motion, 1 
2000 
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Group — A (Answer any two questions) 
* (a) Establish the. relation S = ut + 4 ft? graphically. The symbols have usual meanings, 3 


(b) Can the Magnitude of the resultant of two vectors of equal magnitude be equal to the magnitude of either 
of them ? Explain. 


(c) What i 


(b) What is linear momentum of a body ? State and explain the Principle of co 


(c) 


. (a) 
(b) 


(c) 
(d) 


(c) 


- (a) 


(b) 


(c) 


. (a) 
(b) 


(c) 
. (a) 
(b) 


(c) 


. (a) 
(b) 


(c) 


- (a) 


(b) 


' Describe the working principle of a siphon. 


QUESTIONS 879 
A body of mass 50 kg is thrown vertically upwards with an initial velocity of 100 m/sec. After 5 
it explodes into two fragments, one of which having a mass 20 kg travels vertically up with a eee 
150 m/sec. What is the velocity of the other fragment at that instant ? (g = 9:81 m/sec?) ogy A 
[Ans. 15 m/s (upward)] 

What are the laws of static friction ? Less labour is spent to pull a heavy body by placing it Vr aeai 
than to drag it over the ground. Why ? e 1 
Write down the conditions of equilibrium of a body acted on simultaneously by a number of coplaner 
forces 

k 1 2 
What is the significancé of the moment of a force about a point ? 1 
A stone of mass M tied to a piece of thread is being rotated in a vertical circle of radius R, Show that the 
thread will not be loose at the highest point of the path of the stone provided its velocity at that point is 


greater than Ver. 3 
What do you mean by work done by a force and work done against a force ? A man is swimming ner 
the stream, but he remains stationary with respect to the shore. Does he do any work ? ERES 
Define kinetic and potential energy. A body of mass m is moving with a velocity v. Find its kinetic 
energy. ete 
A car weighing 1000'kg moves up a slope of inclination 1/50 with a speed of 40 km/hr. The coefficient of 
rotational friction of the wheels with the road is 0:3. Find the power of the car. — [Ans. 33.7 KW] 3 


Group — B (Answer any ‘wo questions) 


What is Constant of Gravitation ? Why is it called a universal constant ? What is the difference between 
the mass and weight of a body ? Iac 
What is the condition of launching a satellite at a height h above the surface of the earth of mass M ? 
(Radius of the earth = R) 

Why does a body become weightless in an artificial satellite ? 242 
If the earth were a solid sphere of iron of radius 6:37 * 10° m and density 7-86 gm/c.c., what would be the 
value of the acceleration due to gravity on its surface ? 

Gravitational constant = 6:58 x 10° c.g.s. units. [Ans. 13.8 m/s] 3 
Define strain and stress. What is elasticity ? Ig 
When a load of 150 kg is suspended from one end of a copper wire of length 3 m and diameter 4 mmt 
extends by 2-7 mm and its diameter decreases by 1-2 x 107 mm. Find out Me Sungi modulus eit 
Poisson's ratio of copper. [Ans: 13 *10 Nm™ ; 0-66] 2+2 
If the length of a wire is increased within elastic limit what will be its increase of potential energy ? 3 
State Archimedes’ principle and discuss the conditions of floatation of a body. 242 
How can the density of a solid heavier than and insoluble in water can be determined by Archimedes" 
principle ? 2 
Three pieces of metal P, Q, R made of different materials weigh 16, 20 and 22 gms respectively in air. 
When immersed in water they weigh respectively 14, 18 and 20 gms. Two of the three pieces are made of 
pure metals and the other is a mixture of them. Which one of them is made of the alloy meta) 9 fu wal 


ratio are the metals present in it ? [Ans. Q is alloy metal ; P = 5:33 g, R=14.679] 4 
Why does it not work in vacuum ? o 1 


Describe the principle of action of a vacuum pump. Can perfect vacuum be created with the help of this 


uM : EU r d 341 
What do you understand by normal atmospheric pressure ? Find its value in c.g.s. unit and bar unit. 3 
Group — C (Answer any two questions). 
Define coefficients of real and apparent expansions of a liquid and find out the relation between them: 
2:52 
Explain graphically the variation of the volume of water from 0°C to 10°C. 2 
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A steel scale gives correct temperature at 50°F. The length of a brass rod measured by this scale at 50°C 
is 1-5 m. What should be the correct length of the rod at 100°C ? (Coefficient of linear expansion of steel 


= 11-2 x 10°/°C ; Coefficient of linear expansion of brass = 18 x 10°C) [Ans. 1-498 m] 4 
What is absolute scale of temperature ? What should be the volume of an ideal gas at the zero of this 
scale ? : 1*1 
What is the difference between the thermal capacity and water equivalent of a body ? What do you mean 
by the statement—specific heat of iron is 0-106 ? id 
Discuss the basic principle of the measurement of heat in calorimetry. 2 


Divide 1 kg of water at 60°C into two parts, such that the heat rejected to convert one part into ice at 0°C 
is the same as the heat required to evaporate the other part. (Latent heat of ice and steam are 80 cal/gm and 
536 cal/gm respectively) [Ans. 804-5g, 195-5g] 3 
Show that for an ideal gas the volume coefficient and the pressure coefficient are equal. 4 
Two pieces of ice pressed together for sometime combine to form a single piece. What is the reason ?2 
Define relative humidity and dew point. A hot day in Puri is more uncomfortable than an equally hot day 


in Delhi. Why ? 3-41 
Write down the first law of thermodynamics. What is mechanical equivalent of heat ? 21 
A pressure of 10° dynes/em” is to be applied to bring down the volume of a gas from 20 litres to 10 litres. 
How much heat is developed in it ? (J = 4-2 x 107 ergs/cal) [Ans. 238-1 cal] 3 
What is convection of heat ? How are land and sea-breezes produced ? luto. 
Give an experimental evidence in favour of kinetic theory. 3 


A and B are two rods of the same length whose ends are at temperatures T;°C and T5?C respectively. 
What condition is to be satisfied so that the rates of heat conducted by the rods are the same ? 3 
The bulb of one thermometer is coated with soot, while that of the other is coated with silver. Compare 
the readings of the thermometers (i) inside water in a dark-room, (ii) in sunlight and (iii) in cloudless 
night. A 3 


Group - D (Answer any two questions) 


What are the characteristics of simple harmonic motion ? Write down its mathematical equation. 3 
Find expressions for potential and kinetic energies of a particle executing simple harmonic motion. 3 
What is forced vibration ? How is resonance produced from it ? 141 
What is a wave ? Deduce the relation between the frequency, velocity and wave length of the wave. What 
is the difference between longitudinal and transverse waves ? MEFA 


What is echo ? What minimum distance is to be maintained between the source of sound and the reflector 
to hear the echo of a monosyllabic sound ? 


(Velocity of sound in air = 332 m/sec.) [Ans. 332 m] 1+2 
What are beats ? How are they produced ? 1+2 
Two tuning forks sounded together produce four beats per second. They are in unison with 128 cm and 
130 cm lengths of a string stretched with a fixed tension. Find the frequencies of the tuning forks. 

[Ans. 260 Hz, 256 Hz] 3 
What correction was made by Laplace in Newton's expression for velocity of sound in air ? Why DAE 


Show with diagrams that in the vibrations of an air column contained in a closed pipe only odd harmonics 
are present. 4 


Which property of the wave proves that the sound waves are longitudinal ? 1 


If the velocity of sound in oxygen under normal conditions be 317 m/sec what should be its velocity in 
hydrogen at 30°C and 374 mm pressure ? [Ans. 334-41 m/s] 3 


10. 


. (a) Define Poisson's ratio. The Young's modulus of a certain material is 24 x 1 


. (a) Explain how a submarine can both float and travel submerged under water. 


QUESTIONS Ls 


JOINT ENTRANCE PHYSICS—2000 


. (a) Explain whether the following quantities are scalars or vectors : 


acceleration, momentum, specific gravity, energy- 2 


> 


" B Fi 
(b) Find the magnitude of the vector 37 + 4j 4 12K and the angles it makes with the X, Y and Z axes. 2 
METER =1( 4) -1(12 
[Ans. 13; cos (3) cos ( ) cos (8) ] 


. A sphere of radius r is initially spinning around its axis with angular velocity œ. The axis is horizontal. When 


dropped on a surface with a coefficient of friction p, it slips and then rolls without slipping. 


(a) What is the final linear velocity of the centre of mass ? [Ans. v7 2ro 1? 
2.2 
(b) What is the distance it travels before achieving this velocity ? [Ans. S= ZE] 2 
ug 
(a) Define radius of gyration. Two spheres have the same mass and external radius, one of them being solid 
Tu 


and the other hollow. Which one has the greater radius of gyration ? 

(b) A uniform rod of weight W is supported horizontally by two vertical supports at its ends. At a certain 

instant one of the supports is suddenly removed. What is the reaction at the other support at that instant ?2 
[Ans. R= i mg] 

o! dyne/cm?. Within what 

ulus must lie ? [Ans. 12 * io"! dynes/cm? to 8x 10!! dynes/em?] 3a 

(b) A wire of circular cross section is stretched by a longitudinal stress and its change in length is found to be 


0:019. If the Poisson's ratio for the material be 0:2, what is the percentage change in volume ? 2 
[Ans. 0:006%] 


A spaceship explodes in flight into three equal portions. One portion continues along the original line of flight. 
The other two go off in directions each inclined at 60? to the original path. The energy released in the explosion 
is twice as great as the kinetic energy possessed by the ship at the time of explosion. Determine the kinetic 


range the value of rigidity mod 


B. E? =4E; E;- initial kinetic energy ] 4 
2 


(b) A ring made of diamond and gold ( sp. gravity respectively 3:5 and 17:5 ) weights 7:35 gm. When 


immersed in water, the ring weights 6:85 gm. Find the weights of the diamond and the gold of the ring. 2 
[Ans. 0:35g, 70 g ] 


related ? What are their values ? ph 
f 1 mm. When the bubble reaches the 


energy of each fragment immediately after explosion.[Ans. E= 


(a) How are the volume coefficient and pressure coefficient of a gas 
(b) A water bubble is formed 238 ft under water with a diameter o 
surface, what will its diameter become ? The height of water barometer = 34 ft. [Ans. 2 mm] 3 


(a) Define thermal conductivity. Express its unit in the c.g.s. System. 2 


(b) Three rods each of same length and cross section are joined in series. The thermal conductivity of the 
200°C and the other end is 


materials are K, 2K and 3K respectively. If the open end of the first is kept at 
kept at 100°C, what would be the temperature of the junctions in the steady state ? Assume that no heat is 
lost due to radiation from the sides of the rods. [Ans. 145-5°C, 118:2°C] 3 
(a) Explain the term phase and time period of a simple harmonic motion. 2 
(b) Two identical masses, each of mass m, are connected by a spring of spring K and the system is placed on 
a frictionless floor. If the spring is slightly compressed and then released, what would be the frequency of 
oscillation of the system ? 3 
(a) What are beats, and how are they produced ? 2 
(b) In Helium gas at — 173°C, the speed of sound is 582 metre/sec. If the molecular weight of Helium be 4, 
find the value of y for the gas, [R= 831% 107 erg/°C ] [Ans. y= 1-63] 3 


Phy (1)—56 
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How does light travel through an optical fibre even when it is bent ? Explain with a diagram. 2 
The radii of curvature of a biconvex lens of glass are 20 cm and 30 cm. What will be its focal length in air 
and in water ? [ The refractive indices of glass and water are 3/2 and 4/3 respectively ] 3 
[Ans. — 24 cm, — 96 cm] 
Define critical angle. How is it related to the refractive index ? 2 
A point source of light is placed at a certain depth below the surface of a large deep lake. Show that the 
1 


y S 1 
fraction of light energy that escapes directly from the water surface is given by z P 


the refractive index of water. 3 


l, n being 


A magnetised straight wire has a magnetic moment M. What will be its magnetic moment if it is bent into 
a semicircle ? 2 

A magnet is suspended in such a way that it oscillates in the horizontal plane. It makes 20 oscillations per 
minute at a place where the dip angle is 30? and 15 oscillations per minute at a place where the dip angle 


I 
is 60°. What is the ratio of earth's total magnetic fields at the two places ? [Ans 74 = H] 2 


Establish a relation between the magnetic susceptibility and permeability. 2 
Two small identical megnets are 8 cm long and have pole strength 60 A. m. When they cannot rotate, it is 
possible to make one "float" 6 cm above the other. Find the force which the lower magnet exerts on the 
upper one. [Ans..0-1568 N] 2 
What is'electrical screening ? Which principle is applied here ? 2 
Two equally charged soap bubbles of equal volume join together to form a larger bubble. If each bubble 
had a potential V, find the potential of the resultant bubble. [Ans. (2)?3v] 3 
Two cells, one of emf 1-2 V and internal resistance 0-5 Q, the other of emf 2 V and internal resistance 
0:1 Q are connected in parallel and the combination connected in series with an external resistance of 5 Q. 
What is the current through this resistor ? [Ans. 0:369A] 2 
A group of cells having a total emf of 12 V and negligible internal resistance is connected in series with 
two resistors. A voltmeter of resistance 5000 Q is connected across the resistors, in turn, and measures 4 
V and 6 V, respectively. What are the resistances of the two resistors? [Ans. 25000, 1666:670] 2 
Compare a moving coil galvanometer and a moving magnet galvanometer. 2 
A current of 1 amp releases 0:65 gm of copper in 33 minutes from a copper sulphate solution. The atomic 
weight of Cu is 63 and valency 2. Find the electro chemical equivalent of hydrogen. 2 
[Ans. 1:04 x 10?g/C] 
What is the effect of doping on the depletion layer of a p-n junction ? 2 
Why silicon diode is better compared to germanium diode in a rectifier ? 1 
Draw the voltage-current characteristics of a p-n junction and compare it with the characteristics of a 
resistor. 2 
Why Rutherford's model of atom is not suitable for explaining the spectra of hydrogen atom ? State the 
postulates of Bohr for explaining the same. 1*1 
The electron in a hydrogen atom is excited to the n-th excited state. How many possible spectral lines can 
it emit in the process of going to the ground state ? 3 
Explain how a triode valve can be used to amplify an alternating electric signal. What is meant by the term 
amplification factor ? 2 
A triode passes a plate current of 5 ma at plate voltage 150 V and grid voltage — 2 V. If the grid voltage 


is changed to — 3-5 V, the plate current falls to 3-2 ma, but can be restored to 5 ma by increasing the plate 
potential to 195 V. Find the amplification factor of the valve. [Ans. p = 30] 3 


The drivers are taught that doubling the speed quadruples the braking distance. Why ? 1 
In a pressure cooker, water boils at 120° C. What is the reason ? 1 


23. 
24. 
25. 
26. 
21. 


28. 


29. 


30. 


QUESTIONS 883 


Can the centre of mass of a body lie outside the body ? Explain your answer with an example. 1 
Why are no tides observed in a large lake ? 1 
How are different magnifications achieved in a camera in practice ? Does this affect the field of view ? 1 


Why is the speed of sound in water greater than that in air ? 1 
In a hydrogen atom, how many times is the radius of the fourth orbit compared to that of the second orbit ? 1 
(Ans. 4 ] 


The half-life of a radioactive sample is 1 year. What fraction of the sample has decayed in two years yi 1 
The resistance of a semiconductor decreases when it is illuminated with a light of proper wavelength. Why ? 1 
An X-ray has a wavelength of 3 A. What is its frequency ? [Ans. 10/5 Hz] 1 


2001 
First Paper 
Group — A (Answer any two questions) 


. (a). What is unit vector ? How can a vector quantity be expressed with it? Can three vectors of equal magnitude 


be added to give a vector of same magnitude ? Explain. 1+1+2 
(b). Is it possible for a body to have acceleration even if its velocity is zero ? Can the directions of velocity 
and acceleration be opposite ? Explain with an example. 1*2 
(c) A train starts from a station A and stops at a station B in 45 minutes. At a point C somewhere between A 
and B, the train attains its maximum velocity of 50 km/hour. If the train travels with uniform acceleration 
from A to C and with uniform retardation from C to B, find the distance between A and B. 
[Ans. 18:75 km] 3 


. (a) State Newton's second law of motion. Define force from it and work out the M. K. S. unit of force. 


FIFI 


(b) A man of mass 60 kg is moving down in a lift with an acceleration of 4 cm/sec”. What force will the man 
exert on the floor of the lift ? What reaction will the man experience if the lift moves up with the same 
acceleration ? With what acceleration will the lift move downwards so that the man will feel himself 
weightless ? 

(g = 980 cm/sec”) [Ans. (i) 5976 kg-wt ; (ii) 60:24 kg-wt ; (iii) 980 cm/s?) 14141 

(c) What are absolute rest and absolute motion ? What do you mean by relative velocity ? t+ 12 


. (a) What is meant by centre of mass of a body ? What is its difference with the centre of gravity of the 


body ? 1+1 


(b). What is meant by a couple ? How is the magnitude and direction of the moment of the couple 
determined ? jd 

(c) What is centrifugal force ? Why is it called a pseudo force ? 1+1 

(d) While riding in speed along a curve why does a cyclist lean his body towards the curvature to maintain 


balance ? 

Establish the relation among his speed, angle of inclination and radius of the circular path. 1*3 
. (a) Is work a vector or a scalar quantity ? Explain. 1:1 
(b) - Define power. Find the relation between Horse Power and Watt. i 142 
(c) A body of mass m is moving with a constant acceleration starting from rest. If v be its Velocity at time t, 

232 

.1Iime4T 
prove that the work done in time T is 5 (ames 3 
(d) What is angular momentum ? What is its relation with the torque applied on the body ? 1+1 


Group ~ B (Answer any two questions) 


. (a) What is acceleration due to gravity ? Find how it is related to the constant of gravitation, Show graphically 


the variation of the acceleration due to gravity with the distance from the centre of-the earth. 1+2 +2 
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What is escape velocity ? What is the relation between the escape velocity and the velocity of an artificial 
satellite rotating round the earth near its surface ? Acad 
A stone is dropped from rest from the top of a tower 400 m high. At the same time another stone is thrown 
upwards from the surface of the earth with a velocity of 100 m/sec. When and where will they meet ? 
(g= 9-80 m/sec’) [Ans. 4s ; 321-6 m surface of the earth] 3 
State Hooke's law regarding elasticity and define modulus of elasticity. Steel is more elastic than rubber— 
discuss. E+ L+2 
What is Poisson’s ratio ? What is a perfectly elastic body ? 2+1 


Show that if a wire of length L and cross sectional area A is subjected to a stress S within elastic limits its 
2 
potential energy per unit volume increases by A 


(Y = Young's modulus) 3 


Define specific gravity of a body. How does it vary with temperature ? What is the difference between 
specific gravity and density ? 141-42 
Explain how the density of a solid body can be found out by applying Archimedes' principle. 3 
A cubical block of steel floats on mercury with its sides vertical. If the length of the side of the cube be 10 
cm, what length of the body is above the mercury surface ? Density of steel and mercury are 7:8 gm/c.c. 


and 13-6 gm/c.c. respectively. [Ans.1-693 cm] 3 
State Pascal’s law regarding the transmission of liquid psum How thrust can be multiplied with the 
help of this law ? EFS 
Describe Torricelli's experiment regarding the atmospheric pressure. 3 


The cross-sections on the two sides of a U-tube are 1 sq. cm and 0:1 sq. cm. respectively. Some water is 

poured inside the tube when it rises to the same height in both the limbs. What volume of a liquid of 

density 0-85 gm/c.c. be poured in the wider limb so that water level rises by 15 cm in the narrower 

limb ? [Ans. 17:64 c.c] 3 
Group — C (Answer any two questions) 

Define coefficient of linear expansion of a solid. Deduce its relation with the coefficient of volume expansion 

of the solid. 1+2 


What is anomalous expansion of water ? Describe the effect of anomalous expansion of water on aquatic 
animals. 2+2 


Establish the equation for the variation of density of a solid with temperature. 2 


The difference of lengths of two metal rods A and B is 25 cm at all temperatures. If the coefficients of 
linear expansion of the materials of the rods A and B are 1-28 x 105/*C and 1-92 x 10>/°C respectively, 
find their lengths at 0°C. [Ans. 75 cm ; 50 cm] 3 


Pressure coefficient of a gas is zi K. Explain. 2 


From Boyle's and Charles' law deduce the equation of state of a perfect gas. What is universal gas 
constant ? What is its value ? 2HI+A 


An air bubble of volume 20 c.c. is at the bottom of a lake 40 m deep. The bubble rises to the surface of 
water. Find its volume just before reaching the surface. 


(Normal atmospheric pressure is 76 cms of Hg column.) [Ans. 2774 cc] 3 
What is Calorie ? What do you mean by the statement that specific heat of copper is 0-092 ? 1+2 
How can it be established that heat is a form of energy ? What is mechanical equivalent of heat ? 2 + 1 


What are the differences between evaporation and boiling ? What is the effect of pressure on the boiling 
point of a liquid ? 


2:52 
Why a gas has two specific heats ? 2 
What are the basic assumptions of the kinetic theory of an ideal gas ? 3 
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QUESTIONS 885 


What is the difference between isothermal and adiabatic processes ? 2 
Describe the different modes of transmission of heat. What do you mean by “thermal conductivity of iron 
is 015 c. g. s, unit” ? Sur 
Three slabs are of thicknesses dj, d» and d3. They are of same length and breadth. The thermal conductivities 
of the material of the slabs are ky, kọ and ks respectively. They are piled up one over the other in the 
order, 1, 2, 3. Show that the combination behaves at the steady state as a single slab of thermal conductivity 
k, given by 

d, * d, d, 

Att p 2 s (neglect radiation). 4 
It is better to have the outer surface of the cooking vessel to be black and rough ; on the other hand it is 
better to have the outer surface of a calorimeter to be smooth and polished. Why ? 2 


Group - D (Answer any two questions) 


Show that the equation x =a cos (Wt — a) is the mathematical representation of simple harmonic motion. 
Find the time period and the maximum speed of the motion. 2x1 
A particle of mass 10 gm is executing simple harmonic motion along a straight line. Its time period is 2 
sec and amplitude is 10 cm. Find the kinetic energy when the particle is at a distance of (i) 2 cm and 
(ii) 5 cm from the equilibrium position. What is the cause of the difference in kinetic energies in the two 
cases ? [Ans. 4733 erg ; (ii) 36974 erg] 3 + 1 
Write down Newton’s formula regarding the velocity of sound in a gaseous medium. How does this 
velocity depend on the pressure and temperature of the medium ? T3344] 
How stationary waves are produced ? 2 
What are the differences between progressive and stationary waves ? 3 
State the laws of transverse vibration of a stretched string. 3 
What are overtones and harmonics ? Draw the diagram of the first two modes of transverse vibration of a 


stretched string fixed at the ends and locate the positions of the antinodes and nodes. 1-102 
Can transverse wave propagate in a gaseous medium ? 1 
What is meant by musical sound and noise ? Discuss the characteristics of musical sound. 1+3 
What are the points of similarity and dissimilarity between sound and light waves ? 1*1 
How can the frequency of a tuning fork be determined by resonance air column method ? 2 


JOINT ENTRANCE PHYSICS—2001 


Can four vectors which are not co-planar produce equilibrium ? Give reason. 
Draw displacement-time graph for linear motion with uniform acceleration. 1 
State the basic conservation principle used in rocket motion. 1 
The road-way bridge over a canal is in the form of an arc of a circle of radius 50 ft. What is the maximum 
speed with which a car can cross the bridge without leaving the ground at the highest point ? 3 
[Ans. 40 ft/s] 


Some of the hawkers purchasing old newspapers keep a 4 Kg. wt. together with a faulty balance having 
unequal arms. He readily agrees to weigh by placing the papers alternately on the two pans. Show that he 


1 


wins for every kg. [ The effect due to buoyancy may be neglected. ] 4 
If the force of gravity acts on all bodies in proportion to their masses, why does not a heavy body fall 
faster than a light body ? 1 
What do you mean by escape velocity ? 1 


A box of mass 12 kg is pushed up an inclined plane of inclination 30° and length 10 m by applying a 
tangential force of 100 N. The co-efficient of friction between the box and the inclined plane is VEEN 
Calculate the work done against the force of friction. [ g= 10 m/sec? ]. [Ans. 600 J] 2 
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Distinguish between conservative and dissipative forces with suitable examples. 2 
A boy of mass M standing on a perfectly smooth horizontal plane of ice throws a ball of mass m horizontally 
along the ice plane. If s is their distance apart after a time £, what amount of work was done by the boy in 


?M 
throwing the ball ? [Ans. W= GI -a 4 


Would a block of wood and a block of iron feel equally cold or equally hot, when touched under any 
circumstance ? 1 

Some amount of gas is kept in a hollow sphere at atmospheric pressure and at a temperature of 30°C. At 
what temperature will the pressure be doubled ? Consider the volume to remain constant. [Ans. 333°C] 2 
A block of ice at 0°C is dropped from a height and melts completely due to impact on the ground. Find 
the height from which it is dropped assuming 95% of its energy is converted into heat. Given, latent heat 
of melting of ice = 80 cal/gm. [Ans. 36 km] 3 

A glass capillary tube, sealed at both ends, is 100 cm long. It lies horizontally with the middle 10 cm 
occupied by mercury. The two ends of the tube ( which are equal in length ) contain air at 27°C at a 
pressure of 76 cm of mercury. Keeping the tube in the horizontal position, the air column at one end is 
now Rept at 0°C and the other end is maintained at 127°C. Calculate the length of the air column which is 


at 0*C and also its pressure. Neglect the change of volume of mercury and glass. 4 
[Ans. 36:5 cm, 85-2 cm Hg] 
What do you mean by thermal diffusivity ? 1 
Displacement of a simple harmonic oscillator is given by x = 1:5 cos 3140 / mm, where : is seconds. 
What is (i) amplitude, (ii) angular velocity, (iii) frequency and (iv) time period ? 2 


[Ans. (i) 1:5 mm, (ii) 3140 rad/s, (iii) 500 Hz, (iv) 0:002 s] 
Draw a diagram showing the displacement-time curves of two simple harmonic motions of equal frequency 
and equal amplitude having a phase difference of oS Two complete time periods to be shown for each of 
the SHMs. 3 
A particle executing simple harmonic motion in a straight line has velocities v and v» at distances /, and 
l, from the centre of its motion. Show that the time period of oscillation is 


d p 
T=2n RE x F 4 
Why is sound of thunder heard much later than the observation of the flash of lightning ? 1 
A parallel beam of light inclined to the principal axis is incident on a concave mirror. Find by drawing a 
diagram, the point of convergence. 2 
Interference and polarisation of sound waves are possible—explain whether this is true. 3 


A tube of certain diameter and length 48 cm is open at both ends. Its fundamental frequency of resonance 
is found to be 320 Hz. The velocity of sound is 320 m/sec. Estimate the diameter of the tube. One end of 
the tube is now closed. Calculate the lowest-frequency of resonance for the tube. 4 
[Ans. D = 3:34 cm ; 163:26 Hz] 
The angle of minimum deviation for a glass prism with pt = 4 equals the refracting angle of the prism. 
What is the angle of the prism ? [Ans. 60°] 2 
A ray of light is incident at an angle of 60° on. the face of a prism having refracting angle 30°. The ray 
emerging out of the prism makes an angle 30° with the incident ray. Show that the emergent ray is 
perpendicular to the face through which it emerges. 2 
Explain why coloured glass appears white after being crushed to a fine powder. 1 1 
Draw ray-diagrams to illustrate the position, nature and size of the image formed by a convex lens of focal 


length f when the object lies at a distance (i) equal to infinity; (ii) between infinity and 2/, (iii 
T 5 s equal to 2f; 
(iv) between 2f and f and (v) less than £ f (iii) eq 4 
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QUESTIONS 887 


If the dip angle of Kolkata is 30° and the horizontal component of earths magnetic field is 0-36 oersted 

then find the actual magnetic intensity and value of the vertical component.[Ans. 0-416 Oe, 0-208 Oe] 2 

A compound microscope consists of an objective lens of focal length 2 cms and an eye-piece of focal 

length 6:25 cms separated by a distance of 15 cms. How far from the objective should an object be placed 
in order to obtain the final image at (i) the least distance of distinct vision (25 cms), (ii) at infinity ? 3 
[Ans. 2:5 cm, 2-6 cm] 

Describe the action of a compound microscope with ray diagram and find an expression for its magnifying 
power. How is magnifying power may be increased ? 5 
The capacity of a conductor is 1 Farad—what is meant by this ? 1 
Charging a gold-leaf electroscope by conduction is inferior to the method of induction —Explain. 2 
Two charges of + 1 uc and — 1 pc are placed at the corners of the base of an equilateral triangle. The 
length of the side of the triangle is 07 m. Find the electric field intensity at the apex of the triangle. 3 
[Ans, E = 18:36 x 10° N/c] 

Ina parallel-plate capacitor, connected to a 100 volts power supply, each plate has area 50 sq. cms and the 
plates are separated 2 mm in air. Next, this space is filled with a dielectric of k= 5. (i) What is the change 
in charge and potential difference for the capacitor if the supply remains connected during the change ? 


(ii) What is the change in charge and potential difference if the supply is disconnected during the change ? 
[Ans. Ag = 26:52 esu, AV- - 80V] 4 


A coil of metal wire is stationary in a non-uniform magnetic field. Is an e.m.f. induced in the coil ? 1 


In an alternating current, find the value of r.m.s. current. 2 
The maximum power a 20 Q resistor can dissipate as heat without being damaged is 2 kW. Would you 
connect this resistor directly across a 300 V d. c. source of negligible internal resistance ? 2 


The resistances of the four arms of a balanced Wheatstone bridge are 100, 10,500 and 50 Q respectively. 
Compare the heat produced in the different arms. [Ans. 50: 5 : 10: 1] 5 
How many times does the electron go round the first Bohr orbit of hydrogen atom in one second? 2 


Explain how a diode valve is used as a rectifier. a 
In connection with photo electricity, explain the terms "stopping potential" and **threshold frequency”. 
Mention the characteristics of photo electric phenomenon. 5 
2002 
First Paper 


Group — A (Answer any two questions) 


What is the difference between the addition of vector and scalar quantities ? In which case 
addition will have the same magnitude ? 

What is the difference between average velocity and instantaneou 
graphs of two bodies moving with uniform acceleration and uniform retardation respectively and explain 
them. J^-2 
A car accelerates from rest at a constant rate ot for some time, 


B to come to rest. If the total time elapsed is ¢ second, evaluate 
à or 

[Ans. (i) o. Br / (o. B), (ii) 200.48) ! 2+2 

State Newton’s third law of motion and explain it with the help of an example. In a ‘Tug of war’ if both 

the parties exert a force of T dynes, what will be the tension of the string ?[Ans. T dyne] 1+ 1+1 

What are the conditions of equilibrium of a body under a system of coplanar forces ? 2 


What are the characteristics of elastic collision between two bodies ? 2 
The masses of one of two perfectly elastic discs A and B is k times the other. They are kept on a smooth 
surface. The disc A is driven with a velocity u so that it encounters head on collision with B. Determine 


the result of 
2*1 


s velócity ? Draw the velocity-time 


after which it decelerates at a constant rate 
(i) the maximum velocity reached and (ii) 


the total distance traversed. 
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QUESTIONS Ld 
(G) What is universal gas constant ? A versel contains some amount of air at J0°C. To what temperature 
ms be ested so that one-third of the st is driven out? (T = 99g ^C) Jame. 181-9%C) 143 
10, (a) Define thermal capacity of a body. What is its unit ? What do you mean by the statement that latent heat 
of fusion of ice is BO cal/gm ? [EIE 

ib) Why two pieces of ice pressed together for some time are converted into one piece 7 2 
(€) What is the basic principle of measurement of heat in Calorimetry ? Under what conditions does this 
principle not hold good ? 2*1! 
(d) How to divide 1 kg of water at *C into two parts so that when one part is converted into jos, the heat 
rejected can convert the other part into steam ? Latent heat of fusion of ice is 80 calg and latent beat of 

steam is 540 cal/gm [Aas 88196 g TINGE) 4 
PL. (4) State and explain the first low of thermodynamics Describe an experiment to determine the value of 
mechanical equivalent of heat KREZ) 
(b) Define relative humidity Waat do you mem by the ema dut do jov quist of, Pn em v 
Wwe? +! 
(€). A cloned room of dimension fm » Sm = 4m is full of air at 27°C. Calculate the mass of water which will 
be condensed Hf the retative humidity is changed from 9 to 40% Saturated vapour pressure of water si 

27°C is 267 mem of mercury | pas constant R= #3 = 107 / gomole ; density of mercury = 136 pcc 

Mol, weight of water = 18, g = 980 cm/sec? {Aes 12862) 3 
nw Ai te boiling potas of à liquid wiry io ia sattted, vapeur pressuna: equi to dur superincumbent 

press ` 
(f) Acoordeng to the Kinetic theory what is the explanation of temperstare ? 2 
w Defies con fTichent of thermal conductivity and state its unit. How are land end sos bronzes sat up 72 + 2 
id) Why i W evenfortabie to wear white dress in summer and black dress in winter ? Define à blah body 
iow cam i be remdined in practice 7 tere? 
Group — D (Answer any neo questions) 
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what fraction of the kinetic energy of A is transferred to B. Show that whether the mass of A is X times 
that of B or the mass of B is k times that of A, the magnitude of the above fraction will remain the same. 


4k 

[Ans eal 3 
State the laws of static friction. 2 
A man holds a book weighing 1 kg. wt. between his hands and keeps it from falling by pressing both 
hands against the book with a force of 2:5 kg. wt. each. Find the coefficient of friction between the book 
and the hand. 2 
Define centripetal force. Deduce an expression for it. 1+3 
What do you mean by the moment of a force about a point ? What is its geometrical significance ?1 + 1 
Define kinetic energy and potential energy. Prove that the kinetic energy of a body of mass m moving 


with a velocity v will be jn. DEEZ 


The earth is moving round the sun in a circular path due to the force exerted by the sun on the earth. Is the 
sun doing any work due to this motion ? Explain. 2 
A body of mass 10 kg is raised to a height of 10 m by the application of an upward force of 196 newtons. 


Calculate the work done by the upward force and the work done against the force of gravity. Show that in 
this case the principle of conservation of energy is obeyed. (g = 9:8 m/sec”) [Ans. 1960 J, 980 J] 4 


Group - B (Answer any two questions) 


State Newton's law of gravitation. What is gravitational constant ? What will be its unit in the M. K. S. 
system ? si ia 

What is meant by artificial geostationary satellite ? Why does a body appear weightless in an artificial 
satellite ? : 3l 2 

A small satellite is revolving round a planet of density 10 gm/c.c. The radius of the orbit of the satellite is 
slightly greater than the radius of the planet. Find the time périod of revolution of the satellite. 

(G = 668 x 107? c. g. s. unit.) [Ans. 1 hr 26 min] 4 

What is elasticity and elastic limit ? Define strain and stress. Jo Lie 

What do you mean by the statement that the Young's modulus of copper is 1:26 x 10? dynes/cm? ? 2 

A steel wire of diameter 0:8 mm and length 1 m.is clamped firmly at two points A and B which are 1 m 
apart and in the same horizontal line. A body is hung from the middle point of the wire such that the 
middle point sags 1 cm from the original position. Calculate the mass of the body, 

(Y =2 x 10? dynes/cm?) [Ans. 82g] 4 

State Archimedes’ principle. How can the relative amounts of two pure metals in an alloy be determined 
with the help of this principle ? 1+3 

A piece of ice is floating in a liquid of specific gravity 1:2 contained in a vessel. Will there be any change 
in the level of the liquid in the vessel when the piece of ice is completely melted ? Explain. 2 


A drop of oil rises within water with an acceleration ag. If œ is a constant and g is the acceleration due to 
gravity, find the specific gravity of the oil. Neglect the friction of water. 4 


What do you understand by the pressure and the total thrust on a surface immersed in a liquid ? 2 +2 
What is a siphon ? Describe its principle of action. Will it work in vacuum ? 1121 
How can the height of a place be determined with the help of a barometer ? 2 


Group — C (Answer any two questions) 


What do you mean by coefficients of real and apparent expansions of a liquid ? Deduce the relation 
between them. DES 


State Charles' law regarding the expansion of a gas. How can the concept of absolute zero of temperature 
be obtained from the law ? 242 
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QUESTIONS 889 


What is universal gas constant ? A verssel contains some amount of air at 30°C. To what temperature 
1 
must it be heated so that one-third of the air is driven out ? (t, pb rri rc) [Ans. 181-5°C] Ius 


Define thermal capacity of a body. What is its unit ? What do you mean by the statement that latent heat 
of fusion of ice is 80 cal/gm ? 1+1+1 
Why two pieces of ice pressed together for some time are converted into one piece ? 2 
What is the basic principle of measurement of heat in Calorimetry ? Under what conditions does this 
principle not hold good ? 2i 
How to divide 1 kg of water at 5°C into two parts so that when one part is converted into ice, the heat 
rejected can convert the other part into steam ? Latent heat of fusion of ice is 80 cal/gm and latent heat of 
steam is 540 cal/gm. [Ans. 88196 g; 11804 g] 4 
State and explain the first law of thermodynamics. Describe an experiment to determine the value of 
mechanical equivalent of heat. 1+1+4 
Define relative humidity. What do you mean by the statement that the dew point of the atmosphere is 
15°C? 2+1 
A closed room of dimension 5m x 5m x 4m is full of air at 27°C. Calculate the mass of water which will 
be condensed if the relative humidity is changed from 90% to 40%. Saturated vapour pressure of water at 
27*C.is 26:7 mm of mercury ; gas constant R = 8:3 x 107 / gm.mole ; density of mercury = 13:6 gm/c.c. 
Mol. weight of water = 18, g = 980 cm/sec?. [Ans. 1286:2 g] 3 
At the boiling point of a liquid why is its saturated vapour pressure equal to the superincumbent 
pressure ? 2 
According to the Kinetic theory what is the explanation of temperature ? 2 
Define coefficient of thermal conductivity and state its unit, How are land and sea breezes set up 2242 
Why is it comfortable to wear white dress in summer and black dress in winter ? Define a black body. 
How can it be realised in practice ? 1+1+2 


Group — D (Answer any two questions) 


What are the characteristics of simple harmonic motion ? Establish its mathematical expression. The equation 
of motion of a particle executing simple harmonic motion is y = 3 sin 60. Determine its amplifide of 
motion, time-period and acceleration at the position of maximum displacement. 1*2*3 
Explain the condition under which forced vibration leads to resonance. 2 
[Ans. 3cm, 45sec, 106483-7 cm/s] 
What is the difference between longitudinal and transverse waves ? Why do sound waves not undergo 
polarisation ? 2+1 
What are beats ? How are they produced ? How an unknown frequency can be determined by beats ? 
LF 242 
What is echo ? How is it produced ? What should be the minimum distance between the source of sound 
and the reflector so that the echo of a trisyllabic sound can be heard distinctly ? Velocity of sound in air 
is 330 m/sec. [Ans. 99cm] 1+2+2 
When two tuning forks A and B are sounded together 5 beats are heard per second. A and B are respectively 
in resonance with 36 cm and 37 cm lengths of two tubes closed at one end. What are the frequencies of 
the tuning forks ? (Ans. 185 Hz, 180 Hz] 3 


What are fundamental, harmonics and overtones ? Why all harmonics are overtones, but all overtones are 
not harmonics ? t 3+1 
Show that for same lengths the fundamental tone emitted by an open tube will be sharper than that emitted 
by a closed tube. 2 
At 50°C the velocity of sound in a gas is 340 m/sec. If the pressure is doubled and the temperature is 


125°C, what will be the velocity of sound ? [Ans. 377-416 m/s] 2 
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JOINT ENTRANCE PHYSICS—2002 
Lt) TH itane woversed by a moving partic at any inti is half o he product ts velocity and te time 
Of traverse, Show that the scorlerstion of particle is constant. 2 
o A ship i travelling doe cast at a speed of 10 lon per hour Calculate the speed of a boat heading M* cast 
of north if appears always due north (rom the first ship. [Ans 20 km] 3 
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QUESTIONS 891 


(b) A diamond glitters more than an imitation glass piece cut to the same shape, Why ? [ 
(e) Why docs flint glass rod immersed in carbon disulphide nearly invisible ? 2 
(d) The thickness of a rectangular glass slab is $ cm light from a point source at the bottom of the slab is 
being internally reflected by the upper surface and a circle of radius 8 cm is being formed at the bottom. 
Find the refractive index of glass {Ans ji 9 16] 4 
7. a) gut viv a compans aiite piacad vitta cnt Por rA SAER MD A hoy 
arbitrary direction. 

(b) What is Curie point ? What do you understand by the statement—the Curie point of iron is 770*C ? ^ 
(© A magnetic pole experiences a force when placed in a magnetic field of intensity 0-4 oersted. The same 
J peronon o same fva in Qe emp eaten vios ee ee a 

" peptide rodea 
«w (Miu cinepi akon len OCDE) a Tt y a 
4 astronomical telescope. 2 
5 de) What is moment of a bar magnet ? A magnet of length 12 em has pole strength 10 units. Find out the 
$51 Meque acting on the magnet when it is placed at an angle of 30° with the direction of a uniform field of 
t Mrength 0 5 oersted. [Ams, 160 es]. 3 
& (a) Define temperature coefficient of resistance. What is its unit ? 2 
A9). A drop of mercury is raised to a potential of 90 volts. This is broken into 27 identical droplets. What will 
| he the potential of each droplet ? (Am. 10 V] 2 
(044). A particle of mass | gm is given a change of + | esu and released on the perpendicular bisector of the line 
b AR joining two fixed particles charged to + $ esu cach and separated by i cm. When released, the particle 
Med dt J em away from AB and has a velocity of È cmisecond towards AI. How close does the particles 
approach AN, and what happen affer this situation ? [Aas 206 em] 5 
E State Wiot-Savart’s law 2 
(DY Calcotate the cost of electrical energy consumed in operating ten 50 watt bulbs for 10 hours per day in a 
teeth of 30 days if I A O. T. unit is charged Ra 200 [Aas Re 300) 2 
* (4) Why a mali magnetic needle is used in à tangent galvancencter ? ; 
dd) A target galvanceneter of resistance 100) when connected to a circuit of resistance 900) gives (47° deflection 
coss Mew moch thant is to be wand with the galvancmeter to get 30° deflection ? [Am 5» 450] 4 
Mea). dn a hydrogen stom, the electron i revolving it Ue third orbit. What will be R: angolar momentum 7 
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JOINT ENTRANCE PHYSICS—2002 


The distance traversed by a moving particle at any instant is half of the product of its velocity and the time 


of traverse. Show that the acceleration of particle is constant. 2 
A ship is travelling due east at a speed of 10 km per hour. Calculate the speed of a boat heading 30? east 
of north if it appears always due north from the first ship. [Ans. 20 km/hr] 3 


An uniform ladder of weight W rests on one end against a rough vertical wall and the other end on a 
rough floor. It is inclined at an angle of 45? with the horizontal. If t and p’ be the coefficients of friction 
at the floor and wall respectively show that the minimum horizontal force that can move the lower end of 
the ladder towards the wall is 
W(l*2g + up’) 

2(-u) P 
What is the value of acceleration due to gravity **g'' at the centre of earth, whose mass is M and radius 
isR? 1 


What do you mean by conservative force ? 1 
On what factors, does the pressure inside a static liquid depend ? 1 
A light body and a heavy body possess equal momentum. Which one will have more kinetic energy ? 1 
A moving body has a momentum p and kinetic energy k. Find the relation between them. 2 

[Ans. P= 42 km ] 
State Pascal’s law. Explain how the principle of multiplication of thrust can be obtained from the law. 4 
When does a solid gets directly connected into a gas, on application of heat ? 1 
Stafe Charle's law and Boyle’s law and thus establish the ideal gas equation. 3 


Will the relation “‘heat lost = heat gained” hold it (i) the caloriemeter contains water and sugar (ii) the 
solid and the liquid in the calorimeter reacts chemically (iii) the calorimeter is kept on table and is exposed 
to the air ? 2 

A glass bulb whose volume at 0°C equals 10 c. c. is filled with mercury. It is then joined to a stem of 
diameter 0-2 cm. What length of the stem will the liquid occupy at 60°C ? 

[ Given, coefficient of volume expansion of mercury = 18 x 10% ?C-! and coefficient of linear expansion 
of glass = 9 x 10% °c"! ] [Ans. 2:92 cm] 4 


4. (a) Write down the first law of thermodynamics in its general form. 1 


(b) Heat is continuously generated in an electric heater, but its temperature 
k k becomes constant after sometime.—Why ? 2 


(c) What is a perfect gas from the standpoint of kinetic theory ? 2 
(d). Two identical springs each of spring constant k are connected in series 


k and in parallel and equal masses m are suspended from the free ends 
as shown in the diagram. Show that the ratio of the time periods of 
oscillation of the mass m is 2 : 1. $ 

What is the phenomenon that conclusively proved the transverse nature of light wave ? $ 


Determine the percentage change in velocity of sound when temperature changes from 10°C to 20°C. 2 
The flame of a lamp is of 3 cm length. The lamp is placed at a distance of 3 m from a wall. Where and 
at what distance from the wall a concave mirror should be placed so that an image of magnification 3 is 
formed on the wall ? Find the focal length of the mirror. [Ans. 1-5 m, 1-125 m] 3 
A sonometer wire has 1 m total length. Calculate the positions of two bridges below the wire so that the 


three parts of the wire have their fundamental frequencies in the ratio 1 : 2 : 3. [Ans. Ém, $n] 4 


A lens. of power + 5D is placed on a plane mirror. A pin is placed at a distance of 30 cm from the lens. 
Find the position of the image of the pin. Where should be the pin be placed so that its image will be 
formed at the same position as the pin ? [Ans. 15 cm] 3 
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QUESTIONS 891 


A diamond glitters more than an imitation glass piece cut to the same shape. Why ? 1 
Why does flint glass rod immersed in carbon disulphide nearly invisible ? 2 
The thickness of a rectangular ‘glass slab is 5 cm light from a point source at the bottom of the slab is 
being internally reflected by the upper surface and a circle of radius 8 cm is being formed at the bottom. 
Find the refractive index of. glass. [Ans. u = 1-6] 4 
Explain why a compass needle placed within a soft iron ring, when kept near a magnet, remains in any 
arbitrary direction. 1 
What is Curie point ? What do you understand by the statement—the Curie point of iron is 770°C ? 2 
A magnetic pole experiences a force when placed in a magnetic field of intensity 0-4 oersted. The same 
pole experiences the same force in the same medium when placed at a distance of 20 cm from an unknown 
pole. Find the strength of the unknown pole. 2 
Draw a ray diagram to illustrate the formation of image at the nearest point of distinct vision by an 
astronomical telescope. 2 
What is moment of a bar magnet 2 A magnet of length 12 cm has pole strength 10 units. Find out the 
torque acting on the magnet when it is placed at an angle of 30° with the direction of a uniform field of 
strength 0:5 oersted. [Ans. 160 cgs] 3 
Define temperature coefficient of resistance. What is its unit ? 2 
A drop of mercury is raised to a potential of 90 volts. This is broken into 27 identical droplets. What will 
be the potential of each droplet ? [Ans. 10 V] 2 
A particle of mass 1 gm is given a change of 1 esu and released on the perpendicular bisector of the line 
AB joining two fixed particles charged to + 5 esu each and separated by 8 cm. When released, the particle 
is 3 cm away from AB and has a velocity of 2 cm/second towards AB. How close does the particles 


approach AB, and what happen after this situation ? [Ans. 2:06 cm] 5 
2 


State Biot-Savart's law. 
Calculate the cost of electrical energy consumed in operating ten 50 watt bulbs for 10 hours per day ina 
month of 30 days if 1 B. O. T. unit is charged Rs. 2:00. [Ans. Rs. 300] 2 

Why a small magnetic needle is used in a tangent galvanometer ? 2 

A tangent galvanometer of resistance 109 when connected to a circuit of resistance 90Q gives 60° deflection. 
How much shunt is to be used with the galvanometer to get 30? deflection ? [Ans. S = 459] 4 

In a hydrogen atom, the electron is revolving in the third orbit. What will be its angular momentum ? 
(ho 66 x 107^ J. sec ) 1 
Complete the following nuclear reactions : 2 
4Beg + proton: alpha - particle . (ii) }H3+)H2 2 2Heg t7 

The stopping potential for the emission of photoelectrons by a metal surface is9 V. If - =1-8x10!! C/Kg 
for electrons, calculate the maximum velocity of the photoelectrons. [Ans. 18 x 105 m/s] 2 


Distinguish between cathode rays and B-rays. 2 
Why is a vacuum diode called a valve ? Sketch the volt-ampere characteristics of à vacuum diode for two 
different cathode temperatures. Indicate the space-charge limited region and the temperature limited region 


in the sketch. 3 
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Group — A (Answer any two questions) 


frame ? Does the magnitude of a quantity depend on reference frame ? 


What do you mean by reference 
141 
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Prove graphically S= ut +4 fi? where S is the distance, t is the time, u initial velocity and f uniform 


acceleration. e 3 

A büllet enters a target with initial velocity x and after penetrating through a distance y loses its velocity 
x poy cate 

by =: How much further the bullet will penetrate before it stops ? nS. 2n-1 3 
n 

What is relative velocity ? Explain it. 

What is the difference between impulse and impulsive force ? 2 

State the law of conservation of linear momentum and from it deduce the Newton's 3rd Law of motion. 

1562 


^ lift is ascending with a uniform acceleration f. A person standing on the lift throws a ball vertically 
upwards with velocity v relative to the lift. If after time ¢, the ball falls back in his hand, show that 
v=(f+ 25 , where g is acceleration due to gravity. 3 
Can the passengers sitting inside a stationary car move the car by pushing it from inside ? Explain. 2 
What do you mean by limiting friction ? Can the value of coefficient of friction exceed unity? 1+1 
Explain why one should take short steps while walking on ice. 2 
State and give an example of the law of conservation of angular momentum. L3 
A small coin is placed on a gramophone disc at a distance of 7 cm from the axis of rotation. When the rate 


of rotation of the disc is gradually increased, the coin begins to slide outwards when the rate reaches 60 
revolutions per minute. Calculate the rate of rotation for which sliding would.commence if the coin were 


placed 12 cm from the axis. 4 

Define work. Under what conditions work done by a force will be positive or negative ? 1-3 1451 

Show that the mechanical energy of a body sliding down freely in a smooth inclined plane is conserved. 
3 


A particle of mass 5 gm is moving along a straight line with a velocity of 10 cm/sec. A force of 1042 dynes 

is applied to it at an angle of 45° to the direction of motion. Calculate the change in its kinetic energy after 

1 second. [ Ans. 120 ergs] 4 
Group — B (Answer any ‘wo questions) 


What do you mean by acceleration due to gravity ? Determine how the acceleration due to gravity at a 
place on the surface of the earth changes with the latitude of that place and from it, indicate where on the 
surface of the earth acceleration will be maximum. 1+2+1 

What is escape velocity ? Is its value the same on the surfaces of the earth and the moon ? 2 

A stone is dropped from a balloon at rest from a certain height. During its fall if the stone passes through 
81 ft in the last 1⁄4 second before it reaches the ground, find out the height of the balloon and the velocity 
of the stone when it touches the ground. [Ans. 1681 ft ; 656 ft/sec] 4 

What is Poisson’s ratio ? Explain that within elastic limit Poisson’s ratio depends only on the nature of the 
substance and not on the stress. d 1*2 

If the work done in stretching a uniform wire of cross-section 1.sq-mm, and length 2 metre, by 1 mm is 
0-05 Joule find Young's modulus of the material of the wire. [Ans. 2 * 107? dynes / com] 4 

Draw load-elongation graph of a solid and trace the points corresponding to elastic limit, yield-point and 
breaking load. 


Define specific gravity. Why specific gravity is called relative density ? EFT 
A small hole is made at a depth 7 on the side wall of a container full of a liquid. What will be the pressure 
of the liquid at the hole ? 4 


A body of density p; is dropped slowly on the surface of a liquid of depth d. If the density of liquid be 


2d v2 
Pa (p; « pi) , prove that the body will reach the bottom of the liquid after a time [ae] 4 
1 2 
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QUESTIONS 893 


What is Torricellian vacuum ? What are the advantages of using mercury in a barometer ? [2 
When a true barometer reads 28:5 inches and 31 inches, a faulty barometer reads 28 inches and 30 inches. 
What is the true barometric height when the faulty barometer reads 29 inches? — [Ans. 29:67 inch] 3 
Explain the action of an air compression pump with a diagram. sud 


Group — € (Answer any two questions) 


Coefficient of linear expansion of iron is 12 x 10% /°C. Explain. What is a bimetallic strip ? How is it 
used to measure temperature ? Explain. 1-143 
Prove that Y 23€ where œ and y are respectively the coefficient of linear and volume expansion of a 
solid. 3 
A seconds pendulum made of iron keeps correct time at 20°C. How many seconds will it go slow or fast 
per day at 40 C ? [Ans. 10:368 sec. slow] 4 
Define the volume coefficient and pressure coefficient of a gas. Prove that for a perfect gas these two 
coefficients are equal in magnitude. I*1t3 
For a given mass of an ideal gas draw PV — P isothermal and explain. 1552 
A calorimeter contains 200 gms of water at 10*C: 50 gm of water at 100°C is added and at this, temperature 
of the mixture becomes 27°C. Now a metallic ball of mass 100 gm at a temperature of 10°C is dropped 
into the mixture. If the final temperature of the mixture becomes 26°C. calculate the specific heat of the 
metal. [Ans. 0-165 cgs] 4 
What is saturated vapour ? Compare between saturated and unsaturated vapours. 1*2 
What will be the result if 64800 calorie heat is extracted from 100 gms of steam at 100°C ? Latent heats 
of ice and steam are 80 cal/gm and 540 cal/gm respectively. 4 
Why do gases possess two kinds of specific heats ? 2 
A block of ice at 0°C is dropped from a height and it melts completely only due to impact with the 
ground. Find the height from which it is dropped assuming that 6094 of its energy is converted into heat. 
[Ans. 57-14 km] 3 

Define thermometric conductivity or diffusivity. A pond is covered with ice 5 cm thick and the temperature 
of overlying air is —10°C. Find the rate of conduction of heat by the ice per unit square centimeter area. 
Given, thermal conductivity of ice is 5 x10 C. G. S. unit. [Ans. 102 cals!] 143 


What is Brownian motion ? Mention the characteristics of the motion. 1+2 
Calculate the kinetic energy of one grammole of a gas. Is its value the same for all gases ? ail 
State the main properties of radiant heat. 2 
Group — D (Answer any two questions) 
Define time period and phase of a simple harmonic motion. CEL 
Explain graphically the resultant motion of superposition of two collinear simple harmonic motions«of 
same period. but opposite: phase and of different amplitudes. [Graph paper not needed] 3 
Find out the total mechanical energy of a particle executing SHM. 3 
4 


Establish the equation of a progressive wave. 
The equation of a progressive wave is y= 15 sin (660 mt — 0:02nx) cm. Find velocity of wave. 
t [Ans.330 ms!] 2 


Compare sound and light waves. 2 
What are stationary waves ? Compare them with progressive waves. ote 
State the laws of transverse vibration of stretched string. 3 

1 


What is interference of waves ? 
State and explain Newton’s formula for velocity of sound waves in a gas. What is Laplace’s correction of 
Newton’s formula ? 2+1 
Discuss the characteristics of a musical sound. 2 
A stone is dropped into a well 44-1 m deep. Find after how much time will the sound of the splash be 
heard. Velocity of sound in air = 340 m/s. [Ans. 3313 sec] 3 


894 


1. (a) 


(b) 
(c) 


(d) 


2. (a) 
(b) 


(c) 


(d) 


3. (a) 
(b) 


(c) 


4. (a) 
(b) 


(c) 


5. (a) 
(b) 
(c) 


A TEXT BOOK OF PHYSICS 
JOINT ENTRANCE PHYSICS—2003 


2 
The resultant of two vectors R and E is P . If the direction of B is reversed, the resultant is Q . Show 


that (P? +Q?)=2(F & EZ). ^ 2 
What are the conditions of equilibrium of a particle under the action of three forces ? 2 
A small ball A slides down a quadrant of a circle of radius 10 cm hit the ball B of equal mass which is 
initially at rest. Find the velocities of both the balls after collision. Neglect friction and assume the collision 
to be elastic, [Ans. v4 = O, vg = 1-4 ms] 2 


A particle of mass m makes a head-on colin (elastic) with a particle of mass 2m which is initially at 
rest. Show that the colliding particle loses 5 5 th of its energy after collision. 4 
Give an example of a force acting on a moving body, yet doing no work. 1 
A block of ice is floating in a liquid of sp. gr. 1:2 contained in a beaker. When the ice melts completely, 
will the liquid level in the beaker change ? [Ans. liquid level in the beaker increases] 2 
The moon revolves round the earth with time period 27-3 days. Show that the centripetal acceleration of 
the moon is equal to the acceleration due to gravity at the surface of the moon. [ Radius of the earth = 6:4 
x 10° m, radius of the moon’s orbit = 3:8 x 10$ m Ji 3 
What is meant by elastic potential energy ? Prove that the elastic potential energy stored per unit volume 
of a strained body — i X stress x strain. or 4 
What is dew and how dews are formed ? 7 2 
A pendulum clock goes slow by 20 seconds each day. What should be change in its length to give correct 
time ? [Ans. length has to be decreased by 0:046 cm ] 4 
If 69600 calories of heat are withdrawn from 100 gm of steam at 100°C, what will be the result ? Latent 
heat of steam = 540 cal/gm ; latent heat of ice = 80 cal /gm. 4 
[Ans. mixture contains 70g ice and 30 gm water and temperature of the mixture is 0°C] 
Isothermal process is a slow process—explain. 1 
Two metallic plates of equal cross-sectional area and thickness d, and d, and thermal conductivities A, 
ia, 62 
A ky 
A small sphere is placed on a concave glass surface and then disturbed slightly from its equilibrium 
position. Show that it executes simple harmonic motion. Calculate the time period. 5 


[Ans. time period T 2x Ei 


How velocity of sound will be affected at-high altitude ? 1 
How can you determine whether a mirror is plane, concave or convex ? 2 
Two simple harmonic waves are represented by the equations 


and k, are placed in contact. Prove that their equivalent thermal conductivity is given by k = 


yi =10 sin (55) and y, -5sin (3x53 cos 3nt) 


Find the ratio of the amplitudes of the waves. 1 [Ans. 2,7257 1:1] 2 
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QUESTIONS 895 


The image of an object as formed by a convex mirror is i times the size of the object. If the focal length 
of the mirror is f, show that the object is placed at a distance of (n — 1) f. from the mirror. 2 
A car is approaching a mountain with velocity 5 m/sec. When the car is just3 km away from the mountain, 
the driver fires his gun. If the velocity of sound is 340 m/sec, when the driver will hear the echo? 3 
[Ans. after 17:39 sec] 
State Lambert’s cosine law. 1 
Write down the expression for the focal length of a lens in terms of radii of curvature of its two surfaces. 1 
The bottom of a tank is flat. Explain why it appears to be concave to a person looking from above, when 


the tank is filled with water. 2 
Two lamps of luminous intensity of 5 cd and 20 cd are 150.cm apart. At what point between them will the 
same illumination be produced by each ? [Ans. distance of 50 cm from the first source ] 2 


An object is placed 8 cm in front of convex lens of focal length 10 cm. Find the nature and focal length 
of the lens to be placed opposite to that side of the lens in which the object is situated which will just 


neutralise the magnification produced by the convex lens. 4 
[Ans. (i) convex lens f=- 833 cm, (ii) concave lens f= 12:5 cm ] 
What are the advantages of having two eyes ? 1 


A piece of soft iron and a piece of steel are placed in the same magnetic field and then dropped to the 
ground in absence of field. What will be found if the intensities of magnetisation are now measured. 
Explain it. i 2 
What is a magnifying glass ? The focal length of a simple magnifier is 5 cm. How far in front of it, an 
object should be placed so that the image is formed at the observer's near point which is 25 cm in front of 


his eye ? [Ans. u = 417 cm] 3 
What is magnetic saturation ? Explain this from molecular theory of magnetisation. 4 
On two sides of a non-conducting plane, the potentials are constant but have different values. What is the 
direction of the electric field, if any, at the dividing plane ? 1 


The volume of one conducting sphere is twice that of the other, and each is given a charge + Q. If the two 
spheres are now connected with a conducting wire, will there be any flow of charge ? If so, in which 
direction ? [Ans. from the smaller sphere to larger sphere] 2 
How can a charge of 10 e.s.u. be distributed between two particles placed in air 5 cm apart so that the 
repulsive force between them is a maximum ? 3 
[Ans. charges of 5 esu to be equally divided between the particles] 
Three pieces of copper wires of lengths in the ratio 2 : 3:4 and with diameters in the ratio of 4: 5 : 6 are 
connected in parallel. Find current in each branch if the main current is 5 amp. ( 4 
[Ans. 1-58 A ; 1644 A; 1776 A] 
What will be the path of a charge moving in a uniform magnetic field perpendicular to the direction of the 
field ? 1 1 
“The electro chemical equivalent of copper is 0:000329 gms/coulomb.”” What is the meaning of this 
statement ? 1 
Define 1 ampere current in terms of force between two current carrying conductors. 2 
A solenoid of 200 turns and of 10 cm radius is placed in a magnetic field With its plane perpendicular to 
the magnetic field. Intensity of the magnetic field changes uniformly from 0:3 T to 0:5 T in2 x 107 sec. 
What is the e.m.f. generated ? [Ans. 62:8 volts] 3 
Two electric bulbs of 50 W and 100 W are given. Which one will be brighter when they are connected in 
(i) series and (ii) parallel ? [Ans. (i) 50 W bulbs, (ii) 100 W bulb] 3 
The radio isotope TUE of uranium transforms into an isotope of plutonium (Pu) by two successive B- 
decay. What is the atomic number and the mass number of the new isotope ? [Ans. A = 239; Z = 94) 2 
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Calculate the minimum wavelength of X-rays produced by an X-ray tube operating at 30 KV. 
[h= 66 197? ergesec ] [Ans. 04125A] 3 
Write down Einstein's photoelectric equation and explain the terms used. How is the photoelectric effect 
explained on the basis of this equation ? 5 


2004 
First Paper 
Group — A (Answer any two questions) 


State the law of parallelogram for determining the resultant of two vectors. Two vectors P and Q are 
acting at a point in different directions. Determine the magnitude and direction of the resultant vector with 
the help of the parallelogram law. 1*2 
Draw the velocity-time graph of a particle moving with (i) non-uniform acceleration and (ii) non-uniform 
retardation. When do the average velocity and instantaneous velocity of a moving particle become equal ? 
1311 
Rain is falling vertically downward at the rate of 4 km/hr. A person is moving on a horizontal road with 
a speed of 3 km/hr. Find the magnitude and direction of the velocity of rain with respect to the person. 


[Ans. 5km/hr, osun! 4 
What is meant by elastic collision ? Show that two bodies of equal mass moving along the same straight 
line exchange their velocities after elastic collision. 1+2 


State Newton's second law of motion. Establish Newton's first law of motion from this law. 1"-2 


A lift of mass 200 kg is moving upwards with an acceleration of 4 ms^?. What will be the tension of the 
rope of the lift ? If the lift moves downwards with the same acceleration, what will be the tension of the 


rope ? g «9:8 ms? [Ans. 2760 N ; 1160 N] 4 
Establish the relation between angular velocity and linear velocity. Is the angular velocity a vector quantity 
like lincar velocity ? If so, how would you determine its direction ? 2*2 


A body is hung up from a thread of length /. Prove that if a horizontal velocity of Js gi be applied at the 
lowest point, the body will just complete the vertical circular path. Also prove that the tension in the 


thread at the lowest point in this condition will be six times the weight of the body. 341 
What is a pseudo force ? Explain it with an example. 2 
What are the conditions of equilibrium of a body under the action of co-planar forces ? 2 


A body of mass 10 kg is hung by two strings, One of the strings is inclined at an angle of 60° with the 
vertical line. What will be the angle of inclination of the other string with the vertical line so that the 
tension in that string will be minimum ? What are the tensions of the strings ? 

[Ans. 0 = 30° ; 5kg-wt, 5/3 kg - wt] 341 
Prove that mechanical energy is conserved in the case of a body falling along a smooth inclined plane. 


Establish the relation between Horse-Power and Watt. 3*1 
Group — B (Answer any two questions) ; 

Show that the weight of a body at the centre of the carth is zero. 3 

If the carth ceases to rotate for some reason, calculate the change in the weight of a body 


situated on the equator. (Radius of earth = 6400 km and g = 9:8 ] [Ans 0:346% increased] 2 


A*particle is thrown vertically upward with a velocity w. After n seconds, another particle is projected 
from the same point and in the same vertical line with a velocity v. If the two particles meet each other at 


the greatest height fo the first particle, show that 2(v — u) (u — ng) = m g?. 3 
What is a ‘Seconds Pendulum’ ? Calculate its length in c.g.s. system. [ g = 980 cm/s?] 
[Ans. 993 cm] 2 
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In the case of elongation of a metallic wire, show that the potential energy per unit volume 
= x Stress Strain, 3 
A body of mass 4 kg and density 2:5 gm/c.c. is suspended by a metallic wire of length 1 m and diameter 
2 mm, keeping the body completely immersed in water. What will be the increase in length of the wire ? 
Young's modulus of metal = 2 * 10! dynes / cm? and g = 980 cms". [Ans. 374 x 10° em]. 3 
The volume of 1 lit. oil is diminished by 840 cubic mm under a pressure of 21 kg/em?. Calculate the bulk 
modulus and compressibility of the oil. [ Ans. 25x 10°kg/cm? ; 4x 1075 kg! cm? ] 2 
What do you understand by force constant of a spring ? What property of the spring is expressed by it ? 
2 


What are the conditions of equilibrium of a floating body ? Is Archimedes’ principle valid in a lift falling 


freely ? Explain with reasons, 2+2 
What is metacentre ? How does the stability of a floating body depend on the position of metacentre ? 
1+2 


A piece of glass, coated with a thick layer of wax floats in water just immersed. The densities of glass and 
wax are respectively 2:6 gms/c.c. and 0-8 gms/c.c. Calculate the ratio of the volumes of wax and glass. 
|Ans. 8:1]. 3 
State Pascal's law for transmission of pressure through a liquid. Explain how thrust can be multiplied by 
the application of this law. Show that multiplication of thrust obeys the law of conservation of energy. 


242+2 

What should be the height of liquid in a cylindrical vessel so that the thrust on the bottom of the vessel 
and that on the wall of the vessel are equal ^. [Ansh=r)] 2 
2 


How can the weather of a place be forecast with the help of a barometer 2 
Group - € (Answer any two questions) 


Define the co-efficients of real and apparent expansions of a liquid and find out the relation between them. 
2+2 
The volume of a glass flask is 600 c.c. What should be the volume of a liquid that is to be placed in the 


flask so that the volume of the remaining portion of the flask remains unchanged at all temperatures ? 
Co-efficient of real expansion of the liquid = 18 * 1074 °C and co-efficient of linear expansion of glass 


= 0-7 * 1075 PC. [Ans 70cc] 3 
Draw (P — PC) and (P — T*K) graphs in the case of a given mass of gas at a constant volume, What is the 
significance of the first graph ? 2*1 
When a balloon is inflated, both pressure and volume increase. Does it violate Boyle's law ? 2 
When tthceuflengbs ofa copper rod and a brass rod is equal at all temperatures, Under what condi 
is it possible ? 2 
possible ferences between thermal capacity und water equivalent of a body ? What do you mew 
the statement, the specific heat of iron is 0-106 ? 2+2 

2 


Calculate the value of universal gas constant R. 
Specific gravity of one liquid is 0-7 and that of another liquid is 04. Thermal capacity of 4 litres of the 
first liquid and that of 3 litres of the second liquid are equal. Chlculate the ratio of the specific heats of the 
liquids. [Am.3:7] 2 
Why is water not considered as a good calorimetric liquid ? 2 
Why i wt temperature of room andthe dew poit become equal? What vill be the valve of rasite 
humidity in that condition ? ES 
What will be the dew point if the relative humidity of a place at 20*C be 52% ? Given, pressure of 
saturated water vapour at temperatures 20°, 10°C and 9°C are respectively 17:5, 9.2 and 86 mm Hg, 4 
[Ans. 93°C] 
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Mention any. four differences between evaporation and boiling. 2 
The temperature of water at the top of a waterfall is 0-49°C less than that at the bottom. The work done by 
water to fall from the top of the waterfall to the bottom is entirely converted to heat. Determine the height 


of the waterfall. g — 980 en/s?, J = 4:2 J/cal. [Ans. 210 m] 3 
Explain whether two isothermals of a given mass of gas can intersect each other. 1 
State the basic postulates of kinetic theory of gases. j 3 
What is the difference between isothermal and adiabatic processes ? 2 
At what temperature will the r. m. s. velocity of a nitrogen molecule be double the r. m. s. velocity of it at 
0c? [Ans. 819°C] | 2 


One end of a cylindrical metallic rod of length 31-4 cm and radius 2 cm is kept in contact with ice at 0°C 
and the other end of the rod is in contact with water at 100°C. What will be the rate of melting of ice per 
minute ? Latent heat of melting of ice — 80 cal. gm! and K = 025 c. g. s. unit. [Ans. 75 g/min] 3 
What is greenhouse ? 2 


Group — D (Answer any two questions) 


Show that the equation x = a cos œ represents a simple harmonic motion. 

(Symbols carry their usual meaning). 2 
A particle of mass 0-1 kg executes simple harmonic motion with amplitude 0-1 m. The kinetic energy of 
the particle is 8 x 103 J when it crosses the mean position. Determine its time period. [Ans. 1:57 sec] 3 
Show that the motion of a simple pendulum is simple harmonic in nature if the amplitude be small. 
Calculate the time period of this oscillatory motion. 2+1 
Find the relation between particle velocity and wave velocity in the case of progressive wave. : 3 
^ sound wave travels froth air to water. The angle of incidence at the surface of separation between air 
and water is i, and the angle of refraction is i». Snell's law is applicable in this case. Determine which one 
of i, and ij is bigger. [Ans. i > 44] 2 
A man while approaching a hill with a velocity of 5 m/s fires a gun when he is 3 km away from the hill. 
When and where will he listen the echo ? Velocity of sound = 355 m/s. [Ans. 16:67 sec ; 2916 km] 3 
Prove that only odd harmonics are present when an air column vibrates in a pipe closed-at one end. 4 
60 tuning forks are arranged in order of increasing frequency. The frequency of the last one is double that 
of the first one and any two adjacent tuning forks when sounded together produce 6 beats per second. 


Calculate the frequency of the first fork. [Ans. 354 Hz] 3 
What is the principal characteristic of a tuning fork ? 1 
“All harmonics are overtones, all overtones are not harmonics.” Explain. 2 
What are the factors which influence the intensity of musical sound ? Distinguish between intensity and 
loudness of sound. 2+2 
What are the conditions for sustained interference of light ? 1 2 


JOINT ENTRANCE PHYSICS—2004 


What do you mean by an inertial frame ? 1 
Is angular momentum a scalar or a vector quantity ? Explain your answer. 2 
A man on a road is just 9 m behind the entrance door of a train when it just starts from rest with a uniform 
acceleration of 2 m/s~2. The man immediately starts with uniform speed and just succeeds to get in. Find the 
speed of the man. [Ans. 6 ms] 3 
The masses of a man, a gun and a bullet are 75 kg, 5 kg and 10 g respectively. The bullet is fired from the gun 
at an initial speed of 100 m/s". Calculate the recoil velocity of the gun only and that of the gun and man 
together. [Ans. 20 cms"; 1-2 cm/s] 4 


Write down the relation between Poisson’s ratio o, bulk modulus x and rigidity modulus 1 of an elastic 
body. i 
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QUESTIONS 899 
A body of density p is released gently on the surface of a layer of liquid of depth dand density p'(p' <p). 


1/2 
Show that it will reach the bottom of the liquid after a time kl 
A block of mass 5:0 kg is pulled on a smooth inclined plane of angle 30? with the horizontal. If the block 
moves with an acceleration of 0-5 m/sec?, find the power delivered by the pulling force at a time 5:0 sec after 
the motion starts. What is the average power delivered during the 5-0 sec after the motion starts ? 5 
[Ans. 31:25 watt, 15:625 watt] 
Ona certain winter day the dew points inside and outside the room are same, yet the relative humidities were 
different. Explain. D 
Two rods of different materials differ by a constant length at all temperatures. Show that the lengths of the 
rods at 0°C, are in inverse proportion to their respective co-officients of linear expansion. 2 
A piece of metal, weighing 10 gm is heated to 100°C and dropped in a mixture of ice and water. The volume 
of the mixture then decreases by Q-1cc but the temperature remains the same. If the specific gravity of ice be 
0-92, what is the specific heat of the metal ? . [Ans. 0:092 cgs] 3 
Vapour from a liquid boiling at 85°C and of latent heat 200 calories per gram is led nto 100 gram of this liquid 
at 20°C contained in a calorimeter weighing 50 gram, the sp. ht. of the material of the calorimeter is 0-08. If 
4 gram of vapour bring the final temperature to 35°C, find the sp. ht of the liquid. [Ans. 0:57 cgs] 3 
State whether the r.m.s. velocity of O, and H, molecules will be equal at the same temperature. 1 


All simple harmonic motions are periodic motions but all periodic motions are not simple harmonic motion— 
?) 


4 


Explain. 

A slab of stone of area 3600 cm? and thickness 10 cm is exposed on the lower surface to steam at 100°C. A 
block of ice at 0°C rests on the upper surface of the slab. In one hour 4:8 kg of ice is melted. Calculate the 
thermal conductivity of the stone. [Latent heat of ice = 80 cal/gm] [Ans. 2:96 * 10? cgs] 3 
A wooden cylinder of uniform cross-section of 10 sq. cm floats upright in water. The volume of the immersed 
portion of the block is 200 cc. If the block is slightly depressed and then released, show that it executes 
simple harmonic motion. Find the frequency of this motion. [Ans. T= P Hz]4 
How can the pitch of the note emitted by a given vibrating string be raised ? 1 


Which paper is better for reading—glossy or dull ? i 
A ray of light after being reflected, is allowed to fall on a scale. When the reflecting plane mirror is slightly 
turned, the spot of light is displaced through 25 em on the scale. If the distance of the scale from the mirror 
is 100 cm; find the angle of rotation of the mirror. [Ans. 0 7 71 (Sel Psi 


A sonometer wire is stretched by hanging amass of 50-7 kgm from the open end of the wire. The volume of 
Hz, If the hanging mass is 


the hanging mass is 0-0075 m? and the fundamental frequency of the wire is 260 
completely immersed in water, what will be the fundamental frequency of the wire? [Ans. 239-73 Hz] 5 
2 


Rising and setting sun are red. Explain. 


A plant with green leaves and red flowers is observed successively by green and red light. How do the leaves 
2 


and flowers appear in each of the above cases ? Explain. 
A lamp is suspended over a horizontal round table of diameter 2 metres at à height of 2 metres from its centre. 


1f the luminous intensity of the lamp is 200 cd, find the illumination at the edge and at the centre of the 
table. 4 [Ans. 35:77 lux] 3 


An object is placed 20 cm in front of a convex lens of focal length 20 cm. A concave lens of focal length 15 
cm is placed at 20 cm from the convex lens on the other side. Find the position of the final image. Is it real or 


virtual ? [Ans. Position at a distance of (20-15) =5 cm from the convex lens; The image is virtual] 3 
2 


When à magnetic substance is magnetised, heat is produced. Why ? 
ctive of focal length 50 cm and that of its eye piece is5.cm and the least distance of 


A telescope has its obje 
distinct vision is 25 cm. The telescope is focussed at a scale placed 200 cm away. Find the magnifying power 


and the distance between the objective and the eye piece. [Ans. L= 70:83 cm, m=2) 3 
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2. (a) 


A TEXT BOOK OF PHYSICS 


The magnetic moment of a magnetic needle of mass 32 gm is 980 cgs unit. At which point should one 
suspend the needle so as to keep it in a horizontal position in the magnetic meridian ? The horizontal component 
of earth's magnetic field 0:32 Oe, dip angle = 45°N. [g = 980 cm sec™] 5 

[Ans. The magnet is suspended from a point at a distence of 0-1 cm from the c.s. of the magnet to keep it 
horizontal] 


The electromotive forces of a primary cell and a secondary cell are the same, Which cell will deliver more 


current to a fixed resistance ? 1 
A positive charge Q e.s.u. is located at a point. What is the work done if a unit positive charge is carried from 
one point to another along a circle of radius r about the charge Q ? 1 


Two conducting spheres are placed concentrically, The inner sphere is earthed and the outer-sphere is given 
a charge of + 100 e. s, u. The radii of the spheres are 8 cm and 10 cm. What is the charge on the inter sphere 
? Will there be any charge on the inner surface of the outer sphere ? Explain. [Ans. — 80 esu, + 80 esu] 4 


A galvanometer of resistence 45 Q is shunted by a resistance of 5 Q. The combination is then connected in 
series with a resistance of 84 Q. If this combination is now joined to a cell of e.m.f. 4-5 volt and internal 
resistance of 1-5 Q. calculate the current through the galvanometer. Draw the circuit diagram. 4 


[Ans. 0:005A] 
Write down the expression of force acting on a charge moving in a magnetic field. 1 
What is B. O. T. unit ? 1 
What is Peltier effect ? State differences between the Peltier and Joule effect. 4 


When the temperature difference between the hot and cold junctions of a thermocouple is 100 K. an c.m.f. of 
| mV is generated. When the temperature of the cold junction is raised by 20 K, determine the percentage by 
which the e.m.f. is changed. Assume that the thermo electric power remains constant over the whole temperature 


range. [Ans. 20% (increased)] 4 
What is meant by half life of a radioactive element and how is it related to the decay constant ? 2 


Calculate the maximum wavelength of light that can emit photoelectrons from Lithium. Work function of 
Lithium = 2:5 eV and Plank's constant = 66 x 1074 Js [ 1 eV = 1-6 x 10719 J] [Ans. 4850A] 3 


An electron is revolving round a nucleus of charge * Ze where Z is an integer and e is the electronic charge. 
The electron needs 7:556 ev energy for a transition from the second to the third Bohr orbit. If the velocity of” 
light 3 x 10* m/s. Planck's constant h = 663 * 10774 Js and ionization energy of hydrogen atom = 13:6 eV; 
calculate (1) the excitation energy required for third to fourth orbit transition and (ii) wavelength of the 
incident photon for ionization of the said atom. [Ans. Z = 2, (i) 2:64 eV, (ii) 54:4 eV] 5 
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Group — A (Answer any fwo questions) 

Prove graphically v? =u? 42/s the symbols have their usual meanings. 5 
A body is projected vertically upwards. It passes through a point in times t, and t. Find the velocity of 
projection and the height of the point. (Am. $84 +%) i $842) 3 
The s — t graph of a particle with uniform acceleration at time t makes an angle 45° with the time axis. 
After one second it makes an angle of 60°. What is the acceleration of the particle ? 2 

[Ans. (V3 - 1) units/s? ] 
What do you mean by resolution of a vector ? Find the resolved components of a vector A along two 
directions inclined at angles a and b on opposite sides of A . 
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QUESTIONS 901 


What is unit vector ? Find the unit vector corresponding to a vector given by rex «2j s, 1*2 
fan. ñ= 3i +2) + 5k ] 

38 
A river is flowing with velocity u. A man crosses the river with velocity v marking an angle 0 with the 
stream direction. If d be the breadth of the river, calculate the time of crossing the river and the drift of the 
man in the stream direction. Calculate the minimum time of crossing the river and also the time to reach 


the other bank just opposite to the starting point. 4 
Ans. (i) zog. (ii) se (wv 6088): 25> (ii) fmi zd | 
e0) ysin8 sin 8 min ^ y aca 
What do you mean by inertia ? 1 
State the law of conservation of momentum. Prove that to satisfy the conservaton of lincar momentum the 
external force must be zero and to satisfy the conservation of angular momentum the external torque is 


zero. 1+1+2 
Define the co-efficient of restitution in case of collision. Prove that for perfectly elastic collision the 
kinetic energy is conserved. 1+2 
A conveyer belt operated by a motor is moving with uniform velocity 5 m/s. If 5 kg sand falls upon the 
belt per second, calculate the extra power supplied by the motor, [Ans. 125 is] 2 
Define angle of friction and angle of repose. Prove that they are equal. 1+1+2 
Calculate the minimum force required to drag a body of mass m on a horizontal surface. The co-efficient 
of friction between the body and the surface is p. 3 


A body is resting on a gramophone record at a distance of 10 cm from the centre, If 03 is the co-efficient 
of friction between the body and the record, calculate the maximum value of rps of the record for which 
the body will not fly away. [Ans. 2:71 rps] 3 


Group — B (Answer any (wo questions) 


State Newton's law of gravitation. Define universal gravitational constant. 2*1 
What is meant by escape velocity ? Determine the escape velocity of a body from the surface of the carth. 
Why are Hydrogen. Helium gases are in earth's atmosphere ? 1+2+1 
A man can jump upto a height of 1-5 m on earth's surface. What is the radius of a planet of same mean 
density as that of earth from whose surface the man can come out of its gravitational field simply by 


jumping ? Radius of the earth is 6400 km. [Ans 31km] 3 
Draw the stress-strain graph and explain its different regions, Why is steel more elastic than rubber ? 
2+1 
What is Poisson’s ratio ? What are the limiting values of it ? IL 
The longitudinal strain of a wire due to application of a force is c. Prove that the volume strain of the wire 
is e (1— 20) where o is the Poisson's ratio of the wire. 3 
1t is found that a rubber chord extends without any change in volume. Prove that the Poisson's ratio of 
rubber is 0:5. 2 
Find an expression for pressure at a depth A inside a liquid of density p. Is pressure a vector quantity ? 
2*1 


What is the condition of floatation of a body in a liquid ? A wooden piece is floating in water in a closed 
Nase If seme air is sucked out from the vessel or some air is pushed in the vessel, what will be the 


change of floatation of the wooden piece ? 2+2 
At what depth in water can an air bubble float ? Given density of air at NTP is 0001293 gm/c.c, and the 
atmospheric pressure is 76 cm of Hg. [Ans. 7:98 km] 3 


What is a Siphon ? Explain its action. What are the necessary conditions for proper siphon action ? 
14+2+2 
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2. (a) 


A TEXT BOOK OF PHYSICS 


The magnetic moment of a magnetic needle of mass 3:2 gm is 980 cgs unit. At which point should one 
suspend the needle so as to keep it in a horizontal position in the magnetic meridian ? The horizontal component 
of earth’s magnetic field = 0:32 Oe, dip angle =45°N. [g = 980 cm sec?] 5 
[Ans. The magnet is suspended from a point at a distence of 0-1 cm from the c.s. of the magnet to keep it 
horizontal] 
The electromotive forces of a primary cell and a secondary cell are the same. Which cell will deliver more 
current to a fixed resistance ? 1 
A positive charge Q e.s.u. is located at a point. What is the work done if a unit positive charge is carried from 
one point to another along a circle of radius r about the charge Q ? h 1 
Two conducting spheres are placed concentrically, The inner sphere is earthed and the outer-sphere is given 
a charge of + 100 e, s. u. The radii of the spheres are 8 cm and 10 cm. What is the charge on the inter sphere 
? Will there be any charge on the inner surface of the outer sphere ? Explain. [Ans. — 80 esu, + 80 esu] 4 
A galvanometer of resistence 45 Q is shunted by a resistance of 5 Q. The combination is then connected in 
series with a resistance of 84 Q. If this combination is now joined to a cell of e.m.f. 4-5 volt and internal 
resistance of 1-5 Q. calculate the current through the galvanometer. Draw the circuit diagram. 4 
[Ans. 0:005A] 
Write down the expression of force acting on a charge moving in a magnetic field. 1 
What is B. O. T. unit ? L. 
What is Peltier effect ? State differences between the Peltier and Joule effect. 4 
When the temperature difference between the hot and cold junctions of a thermocouple is 100 K. an e.m.f. of 
1 mV is generated, When the temperature of the cold junction is raised by 20 K, determine the percentage by 
which the e.m.f. is changed. Assume that the thermo electric power remains constant over the whole temperature 
range. [Ans. 20% (increased)] 4 
What is meant by half life of a radioactive element and how is it related to the decay constant ? 2 
Calculate the maximum wavelength of light that can emit photoelectrons from Lithium, Work function of 
Lithium = 2-5 eV and Plank's constant = 6°6 x 104 Js [1 eV = 1-6 x 10719 J] [Ans. 4850A] 3 
An electron is revolving round a nucleus of charge + Ze where Z is an integer and ¢ is the electronic charge. 
The electron needs 7:556 ev energy for a transition from the second to the third Bohr orbit. If the velocity of 
light = 3 x 108 m/s, Planck's constant A= 6:63 x 10-4 Js and ionization energy of hydrogen atom 13:6 eV; 
calculate (i) the excitation energy required for third to fourth orbit transition and (ii) wavelength of the 
incident photon for ionization of the said atom. [Ans. Z = 2, (i) 2:64 eV, (ii) 54:4 eV] 5 
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Prove graphically y? =u? +2 fs the symbols have their usual meanings. 5 
A body is projected vertically upwards, It passes through a point in times 1, and f,, Find the velocity of 
projection and the height of the point. [An. Sel) i 3855) 3 
The s — t graph of a particle with uniform acceleration at time t makes an angle 45? with the time axis. 
After one second it makes an angle of 60°. What is the acceleration of the particle ? 2 
[Ans. (V3 — 1) units/s? ] 
What do you mean by resolution of a vector ? Find the resolved components of a vector A along two 
directions inclined at angles a and b on opposite sides of A . 


e sinB = sino 
(Ons. Pr Aca (roy $5 À aui p). EZ 


uw 


(b) 


(c) 


(a) 
(b) 


(c) 


(d) 


(a) 
(b) 


(c) 


(a) 
(b) 


(c) 


(a) 


(b) 
(c) 


(d) 
(a) 


(b) 


(c) 


(a) 


QUESTIONS 901 


What is unit vector ? Find the unit vector corresponding to a vector given by F =i +2) +5 142 

[Ans â= 3i «2j + 5k 
38 

A river is flowing with velocity u. A man crosses the river with velocity v marking an angle @ with the 

stream direction. If d be the breadth of the river, calculate the time of crossing the river and the drift of the 

man in the stream direction. Calculate the minimum time of crossing the river and also the time to reach 

the other bank just opposite to the starting point. 4 


ed. Ve dins d d 
[Ans.() sm6’ (ii) s=(u+v.cos®) tg: (iii) ‘min 7 (iv) deme 
What do you mean by inertia ? z 1 


State the law of conservation of momentum. Prove that to satisfy the conservaton of lincar momentum the 
external force must be zero and to satisfy the conservation of angular momentum the external torque is 


zero. 14142 
Define the co-efficient of restitution in case of collision. Prove that for perfectly elastic collision the 
kinetic energy is conserved. 142 
A conveyer belt operated by a motor is moving with uniform velocity 5 m/s. If 5 kg sand falls upon the 
belt per second, calculate the extra power supplied by the motor. [Ans. 125 Ls] 2 
Define angle of friction and angle of repose. Prove that they are equal. 14+1+2 
Calculate the minimum force required to drag a body of mass m on a horizontal surface. The co-efficient 
of friction between the body and the surface is p. 3 


A body is resting on a gramophone record at a distance of 10 cm from the centre. If 0:3 is the co-efficient 
of friction between the body and the record, calculate the maximum value of rps of the record for which 
the body will not fly away. [Ans. 2:71 rps] 3 


Group — B (Answer any two questions) 


State Newton's law of gravitation. Define universal gravitational constant. 2*1 
What is meant by escape velocity ? Determine the escape velocity of a body from the surface of the earth. 
Why are Hydrogen. Helium gases are in earth's atmosphere ? I*241 


A man can jump upto a height of 1-5 m on earth's surface. What is the radius of a planet of same mean 
density as that of earth from whose surface the man can come out of its gravitational field simply by 
jumping ? Radius of the earth is 6400 km. [Ans. 31 km] 3 
Draw the stress-strain graph and explain its different regions. Why is steel morc elastic than rubber ? 
2*1 
What is Poisson’s ratio ? What are the limiting values of it ? 141 
The longitudinal strain of a wire due to application of a force is e. Prove that the volume strain of the wire 
is e (1—20) where o is the Poisson's ratio of the wire. 3 
It is found that a rubber chord extends without any change in volume. Prove that the Poisson's ratio of 
rubber is 0:5. 2 
Find an expression for pressure at a depth h inside a liquid of density p. Is pressure a vector quantity ? 
: 2+1 
What is the condition of floatation of a body in a liquid ? A wooden piece is floating in water in a closed 
vessel. If some air is sucked out from the vessel or some air is pushed in the vessel, what will be the 
change of floatation of the wooden piece ? 2+2 
At what depth in water can an air bubble float ? Given density of air at NTP is 0-001293 gm/c.c. and the 
atmospheric pressure is 76 cm of Hg. [Ans. 7:98 km] 3 
What is a Siphon ? Explain its action. What are the necessary conditions for proper siphon action ? 
142242 
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A TEXT BOOK OF PHYSICS 


The magnetic moment of a magnetic needle of mass 3:2 gm is 980 cgs unit. At which point should one 
suspend the needle so as to keep it in a horizontal position in the magnetic meridian ? The horizontal component 
of earth's magnetic field = 0:32 Oe, dip angle = 45°N. [g * 980 cm sec?] 5 
[Ans. The magnet is suspended from a point at a distence of 0-1 cm from the c.s. of the magnet to keep it 
horizontal] 
The electromotive forces of a primary cell and a secondary cell are the same. Which cell will deliver more 
current to a fixed resistance ? 1 
A positive charge Q e.s.u. is located at a point. What is the work done if a unit positive charge is carried from 
one point to another along a circle of radius r about the charge Q ? k 1 
Two conducting spheres are placed concentrically. The inner sphere is earthed and the outersphere is given 
a charge of + 100 e. s. u. The radii of the spheres are 8 cm and 10 cm. What is the charge on the inter sphere 
^ Will there be any charge on the inner surface of the outer sphere ? Explain. [Ans. — 80 esu, + 80 esu] 4 
A galvanometer of resistence 45 Q is shunted by a resistance of 5 Q. The combination is then connected in 
series with a resistance of 84 Q. If this combination is now joined to a cell of e.m.f. 4-5 volt and internal 
resistance of 1:5 Q. calculate the current through the galvanometer. Draw the circuit diagram. 4 
[Ans. 0-005A] 
Write down the expression of force acting on a charge moving in a magnetic field. 1 
What is B. O. T. unit ? 1 
What is Peltier effect ? State differences between the Peltier and Joule effect. 4 
When the temperature difference between the hot and cold junctions of a thermocouple is 100 K. an c.m.f. of 
1 mV is generated. When the temperature of the cold junction is raised by 20 K, determine the percentage by 
which the c.m.f. is changed. Assume that the thermo electric power remains constant over the whole temperature 
range. [Ans. 20% (increased)] 4 
What is meant by half life of a radioactive element and how is it related to the decay constant ? 2 
Calculate the maximum wavelength of light that can emit photoelectrons from Lithium. Work function of 
Lithium * 2:5 eV and Plank's constant 6:6 x 10°% Js [ 1 eV = 1-6 = 10709 J] [Ans. 4850A] 3 
An electron is revolving round a nucleus of charge + Ze where Z is an integer and e is the electronic charge. 
‘The electron needs 7:556 ev energy for a transition from the second to the third Bohr orbit. If the velocity of* 
light «3 » 105 m/s. Planck's constant h = 6°63 » 107 Js and ionization energy of hydrogen atom = 13:6 eV; 
calculate (i) the excitation energy required for third to fourth orbit transition and (ii) wavelength of the 
incident photon for ionization of the said atom. [Ans. Z = 2, (i) 264 eV, (ii) 54-4 eV] 5 
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Prove graphically y? =w? +2/ the symbols have their usual meanings, 5 
A body is projected vertically upwards. It passes through a point in times /, and t. Find the velocity of 
projection and the height of the point. : [Ans. Fatt, +4) ; IN 3 
The s — t graph of a particle with uniform acceleration at time t makes an angle 45° with the time axis. 
After one second it makes an angle of 60°, What is the acceleration of the particle ? 2 

[Ans. (V3 — 1) units/ s? ] 
What do you mean by resolution of a vector ? Find the resolved components of a vector A along two 
directions inclined at angles a and b on opposite sides of X - 


sin sina 
Ans. P= 
if P As j Q=A Tere 1+2 


(b) 


(c) 


3. (a) 
(b) 


(c) 


(d) 


4. (a) 
(b) 


(c) 


5, (a) 
(b) 


(c) 


(b) 
(c) 


(d) 


(b) 


(e) 


8. (a) 


QUESTIONS 901 


What is unit vector ? Find the unit vector corresponding to a vector given by A-X«2j4sk. 1*2 
[Ans is E] UE 1 
A river is flowing with velocity u. A man crosses the river with velocity v marking an angle 0 with the 
stream direction. If d be the breadth of the river, calculate the time of crossing the river and the drift of the 
man in the stream direction. Calculate the minimum time of crossing the river and also the time to reach 
the other bank just opposite to the starting point. 4 
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What do you mean by inertia ? A 1 
State the law of conservation of momentum. Prove that to satisfy the conservaton of lincar momentum the 
external force must be zero and to satisfy the conservation of angular momentum the external torque is 
zero. 1+1+2 
Define the co-efficient of restitution in case of collision. Prove that for perfectly elastic collision the 
kinetic energy is conserved. 1+2 
A conveyer belt operated by a motor is moving with uniform velocity 5 m/s. If 5 kg sand falls upon the 
belt per second, calculate the extra power supplied by the motor, fAns. 1253s") 2 


Define angle of friction and angle of repose, Prove that they are equal. I+1+2 
Calculate the minimum force required to drag a body of mass m on a horizontal surface. The co-efficient 
of friction between the body and the surface is p. 3 
A body is resting on a gramophone record at a distance of 10 em from the centre. If 0-3 is the co-efficient 
of friction between the body and the record, calculate the maximum value of rps of the record for which 
the body will not fly away. [Ans. 271 rps) 3 


[Ans. (1) 


Group — B (Answer any two questions) 


State Newton's law of gravitation. Define universal gravitational constant. 2*1 
What is meant by escape velocity ? Determine the escape velocity of a body from the surface of the earth. 
Why are Hydrogen. Helium gases are in earth's atmosphere ? 1«2541 
A man can jump upto a height of 15 m on earth's surface. What is the radius of a planet of same imet 
density as that of earth from whose surface the man can come out ofits gravitational field simply y 
jumping ? Radius of the earth is 6400 km. [Ans 3] km] 3 


Draw the stress-strain graph and explain its different regions. Why is steel more elastic than rubber ? - 
+ 


What is Poisson’s ratio ? What are the limiting values of it ? fel 
The longitudinal stain of a wire due to application of a force i e Prove that the volume sain of the wire 
is e (1— 20) where o is the Poisson's ratio of the wire. 3 
tis found that a rubber chord extends without any change in volume. Prove that he Poisson's ratio of 
rubber is 0:5. 2 
Find an expresion for pressure at a depth h inside a liquid of density p. Is presume a vector queam 7 
* 
What is the condition of floatation of a body in a liquid? A wooden piece is losing n water in a cloned 
vessel. ihe condition aucked out from the vessel or some si is pushed in the vessel, what will we t 
change of floatation of the wooden piece ? 2+2 
At what depth in water can an air bubble flot ? Given dénsity of sir wt NTP is 0001293 gnic.c. and the 
atmospheric pressure is 76 cm of Hg. [Ans 798 km] 3 
What is Siphon ? Explain is action. What are the necessary. conditions for proper siphon action ^ 
14242 
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The difference in heights of the water levels in two vessels is 2 m. A siphon transfers water 7 5 tube of 

diameter 2 cm. Calculate the volume of water transferred per sec. [ Ans. 19:66 x 107^ m°] 2 

Describe the basic principle of action of an air suction pump. 3 
Group - C (Answer any two questions) 

Define co-efficient of linear expansion and co-efficient of volume expansion. Find a relation between 

them. 242 


The rods each of thickness d and length / are riveted together. Calculate the mean radius of curvature of 
the system if temperature is raised by 0°, The co-efficients of linear expansion of the rods are ot and oo. 


ANE [24-9 (a, * 05)] d 
20 (o — ap) 
What is thermal stress ? Find an expression for it. 1*2 


A Second's pendulum keeps correct time at 20°C. How many seconds per day will it run fast or. slow if 
temperature is at 40°C ? Co-efficient of linear expansion of the rod of the pendulum is 36 x 10%/°C. 


[Ans. 31-1 sec] 3 
State the principle of calorimetry. What are the necessary conditions to satisfy the principle ? 10-2 


How can you measure the temperature of a furnace whose temperature is above 5000°C by a thermometer 
graduated upto 100°C ? 3 


2 


A number of liquids having specific heats Sj , S; , S +++ and temperatures 9), 95, 03 +++" respectively 
are mixed together in equal masses. Calculate the resulting temperature. 3 
S101 + $505 + $5047 --- 
Define latent heat of fusion of ice. How is it determined using the calorimetric principle ? jj Apos 
What is meant by anómalous expansion of water ? What is its effect on marine life ? Ztl 


[ans 0e- 


„State Charles’ law. How does Charles’ law lead to the definition of the absolute scale of temperature ? 


What is absolute zero of temperature ? ie? ak 
An air column is trapped in a capillary tube with one end closed by a mercury thread of length 10 cm. The 
length of the air column is 17 cm when the tube is horizontal and it is 15 cm when the tube is held vertical 
with open end upwards. What will be the length of the air column when the tube is held vertical with open 
end downwards ? [Ans. 19:615 cm] 3 
How does the melting point of ice depend on external pressure ? 2 
State and explain the first law of thermodynamics. 2 
Why are the specific heats at constant pressure (C,) and constant volume (C,) different for gases ? Find a 
relation between these two specific heats for an ideal gas. 1+2 
Write down an expression for the pressure of an ideal gas according to kinetic theory of gases. Given that 


the average kinetic energy of a molecule of an ideal gas at absolute temperature T is 3(#) T. where R 


is the gas constant and N is the Avogadro number. Deduce the ideal gas equation from it. 142 
What is Brownian motion and what are its characteristics ? What causes Brownian motion ? 341 
Group — D (Answer any two questions) 


What do you mean by free vibration, forced vibration and resonance ? Give examples. 3 
Prove that the total energy of a particle moving simple harmonically will always remain unchanged. 3 
A particle moving simple harmonically has displacements 6 cm, 10 cm and 6 cm in three consecutive 


seconds. Calculate its frequency of vibration. [Ans: n= z Hz] 2 


What is meant by a progressive wave ? What are longitudinal and transverse waves ? Explain with examples. 
1+1+4+1 


(b) 
(c) 


15. (a) 
(b) 
(c) 


16. (a) 


(b) 
(c) 


QUESTIONS 799 


State the laws of transverse vibration of a stretched string. D 
The expression for a progressive wave is the following : 


" t x 
y=10sin2n (sts 36) cm. where t and x are in C.g.5. units. Find the amplitude, wavelength and 


velocity of the wave. [Ans. a = 10 cm, 2 10 cm, v = 20 m/s] 3 
What is meant by beats ? How are they formed ? 1+3 
What are the conditions for beats in sound waves to be audible ? 2 


Two tuning forks when are sounded together, produce 4 beats per second. It is known that the frequency 
of one is 510 Hz. It is found that they form 6 beats per second if a little wax is stuck to the second fork. 


What is the frequency of the second fork ? [Ans. 506 Hz] 2 
Write down Newton's formula for the velocity of sound in a gas. Why is the formula not in agreement 
with the experimental value ? How is the formula corrected ? 1+14+1 


What are the effects of temperature and pressure on the velocity of sound in gases ? 

What is an echo ? What is the minimum distance between the source and the reflector for the echo ofa 
monosyllabic articulate sound to be heard ? 

[Velocity of sound in air is 330 m/sec) [Ans. 33m] 1+ 2 
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